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MULTIPLE FREQUENCY SOURCE SYSTEM
AND METHOD OF OPERATION

CROSS REFERENCE TO RELATED
APPLICATIONS

This patent application 1s related to, and concurrently filed
with each of the following patent applications, the contents of
which are herein incorporated by reference for all purposes:

“Offset Signal Phasing for a Multiple Frequency Source
System,” application Ser. No.11/461,533, and

“System and Method for Mitigating Phase Pulling 1n a
Multiple Frequency Source System,” application Ser. No.
11/461,534.

This patent application claims priority to, and incorporates
in 1ts entirety each of the following U.S. patent applications:

“Multiple Frequency Source System and Method of
Operation,” application Ser. No. 60/595,754, filed Aug. 2,
2005;

“Offset Signal Phasing for a Multiple Frequency Source
System,” application Ser. No. 60/5935,749, filed Aug. 2, 2005;

and
“System and Method for Mitigating Phase Pulling 1n a

Multiple Frequency Source System,” application Ser. No.
60/5935,750, filed Aug. 2, 2005.

BACKGROUND

The present invention relates to frequency source systems,
and more particularly to a system employing multiple fre-
quency sources operable to enable the generation of multiple
signal frequencies concurrently.

Frequency sources are used 1n communication systems to
perform a myriad of signal processing operations such as
frequency translation, signal modulation/demodulation, sys-
tem clock generation, as well as other processes. Frequency
sources are used 1n other applications as well when the gen-
eration of a known reference signal 1s needed.

Frequency sources generally are of two types, fixed fre-
quency sources operable to generate an output signal at one
frequency, and tunable frequency sources which can be con-
trolled to generate an output signal at multiple frequencies
over apredefined frequency spectrum. L-C oscillators, crystal
oscillators, and dielectric resonator oscillators are exemplary
of conventional fixed frequency sources, and voltage con-
trolled oscillators and phase locked loop circuits represent
well-known tunable frequency sources.

Communication systems, as well as other systems could
benefit from the use of multiple frequency signals, as multiple
processes could be performed concurrently in such an
instance, for example. However, the implementation of a
system operable to generate concurrent, multiple frequency
signals 1s difficult, as concurrently-generated signals waill
interact with each other 11 tuned too closely together. Interac-
tion between the differing signals can results in degradation
of each signal, possibly rendering the signal unusable for their
intended purpose.

What 1s needed 1s a multiple frequency source system and
method of operation which permaits the concurrent generation
of two or more frequencies while minimizing the interaction
between the concurrently operating signals.

SUMMARY

The present invention provides a multiple frequency
source system and method for generating two or more {re-
quency signals while minimizing the signal interaction ther-
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cbetween. The presented system 1s tunable, having at least
one frequency source which can be tuned proximate to a
concurrently-operating frequency.

In one of various embodiments of the invention set forth
herein, a multiple frequency source system 1s presented that
includes at least one frequency source tunable to a predefined
target frequency, and at least one additional frequency source
operable to generate a second signal at a frequency which 1s
cither higher or lower than the target frequency. A method for
tuning the tunable frequency source to the target frequency
during concurrent generation of the second signal includes (1)
controlling the tunable frequency source to tune to at least one
frequency point lower than the target frequency, and thereat-
ter controlling the tunable frequency source to tune to the
target frequency, when the second signal i1s higher in fre-
quency than the target frequency, or (i1) controlling the tun-
able frequency source to tune to at least one frequency higher
than the target frequency, and thereafter controlling the tun-
able frequency source to tune to the target frequency, when
the second signal 1s lower 1n frequency than the target fre-
quency.

These and other features of the invention will be better
understood when read 1n view of the following drawings and
detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1llustrates an exemplary system employing mul-
tiple frequency sources in accordance with the present inven-
tion.

FIG. 1B illustrates an exemplary frequency source in
accordance with the present invention.

FIG. 2 illustrates an exemplary method for tuning one of
the frequency sources to a target frequency in a multiple
frequency source system in accordance with the ivention.

FIG. 3A 1llustrates an exemplary embodiment of a start-up
and calibration process in accordance with the present mven-
tion.

FIG. 3B 1llustrates an exemplary data structure operable to
store operating frequency points for a plurality of oscillators
within a phase locked loop frequency source 1n accordance
with the present invention.

FIG. 3C 1llustrates an exemplary data structure operable to
store presently-generated frequency information in accor-
dance with the present invention.

FIG. 4 1llustrates an exemplary embodiment of a tuning
process 1n which the requested target frequency is the first
generated frequency 1n accordance with the present mven-
tion.

FIG. 5A illustrates an exemplary embodiment of a tuning,
process in which the requested target frequency 1s lower than
the lowest generated frequency in accordance with the
present 1nvention.

FIG. 5B i1llustrates an exemplary embodiment of a process
in which a selected oscillator 1s activated and tuned to a target
frequency lower than the lowest generated frequency 1in
accordance with the present invention.

FIG. 5C illustrates an exemplary embodiment of a process
illustrated in FIG. 3B in which a selected oscillator tunes to

the target frequency 1n accordance with the present invention.

FIG. 6A 1illustrates an exemplary embodiment of a tuning,
process in which the requested target frequency 1s higher than
the highest generated frequency in accordance with the
present 1nvention.

FIG. 6B illustrates an exemplary embodiment of a process
in which a selected oscillator 1s activated and tuned to a target
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frequency higher than the highest generated frequency in
accordance with the present invention.

FIG. 7 illustrates an exemplary embodiment of a tuning
process 1 which the requested target frequency is located
between two existing frequencies in accordance with the
present invention.

FIG. 8A illustrates an exemplary embodiment of a tuning,
process 1n which the requested target frequency 1s located
between two closely spaced existing frequencies 1n accor-
dance with the present invention.

FIG. 8B illustrates an exemplary embodiment of process
for tuning a low K  voltage controlled oscillator to the
requested target frequency residing between two closely
spaced existing frequencies in accordance with the present
invention.

FI1G. 8C 1llustrates an exemplary embodiment of a process
for tuning a high K  voltage controlled oscillator to the
requested target frequency residing between two closely
spaced existing frequencies in accordance with the present
invention.

FI1G. 9 illustrates a block diagram of an exemplary system
microcontroller operable to control the multiple frequency
source system 1n accordance with the present invention.

FI1G. 10 illustrates an exemplary embodiment of an oscil-
lator 1n accordance with the present invention.

FIG. 11 illustrates an exemplary embodiment of a multi-
mode loop filter 1n accordance with the present invention.

FI1G. 12 1llustrates an exemplary embodiment of an analog-
to-digital converter employing a dual use digital-to-analog
converter 1n accordance with the present invention.

FIG. 13 A illustrates an exemplary embodiment of a direc-
tion control circuit for use with a phase-frequency detector in
accordance with the present invention.

FI1G. 13B 1llustrates the operation of the direction control
circuit signals to avoid a transient frequency decrease when
the oscillator 1s instructed to tune higher in frequency in
accordance with the present invention.

FIG. 13C illustrates the operation of the direction control
circuit signals in a normal mode to tune higher in frequency 1n
accordance with the present invention.

For clarity, previously-identified features retain their ref-
erence 1ndicia 1n subsequent drawings.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

The present mnvention provides systems and methods for
operating multiple frequency sources within the same signal
spectrum with the capability to tune to a desired (target)
frequency without disturbing the operation of one or more
existing frequencies generated within the spectrum. The
required proximity between the target frequency and the
existing signal(s) will depend upon system parameters, for
example the required stability of the existing frequency, the
range over which the source tuning to the target frequency
must travel to reach the target frequency. The present mven-
tion 1s advantageously used 1n any system in which tuning to
a target frequency 1s desired during the concurrent generation
ol another frequency within the operating frequency spec-
trum of the system.

FIG. 1A illustrates an exemplary embodiment of a system
employing currently operable frequency sources 1n accor-
dance with the present invention. As shown, the tunable sys-
tem 100 includes three frequency sources FS; 120, FS, 130
and FS; 140, at least one of which (e.g., FS, 120) 1s tunable.

The remaining frequency sources may be operable to gener-
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4

ate a fixed frequency or a tunable frequency, as required or
desired by the system’s design.

In an exemplary embodiment of the invention, a frequency
source, e.g., 120, 1s tuned to a particular target frequency. As
further described below, the process by which frequency
source 120 tunes to the target frequency will depend upon the
presence and proximity ol any existing frequencies. In par-
ticular, tuning processes are described 1n which (1) the target
frequency 1s presently the only generated frequency, (11) the
target frequency 1s located below the lowest existing fre-
quency, (111) the target frequency 1s located above the highest
existing frequency, and (1v) the target frequency 1s located
between two existing frequencies. Each of these tuning pro-
cesses 15 described 1n detail below.

FIG. 1B illustrates an exemplary embodiment of the tun-
able frequency source 120 shown in FIG. 1A. As shown, the
tunable source 120 1s implemented as a phase locked loop
(PLL), which may be monolithically fabricated 1n a bipolar
complementary metal oxide semiconductor (Bi-CMOS) pro-
cess, although those of skill 1n the art will appreciate that the
circuit may be formed using other processes or materials
(e.g., CMOS, S1Ge, GaAs) in monolithic, hybrid, or discrete
form. In a particular embodiment of the ivention, two or
more (e.g., 3, 5, 10, 100 or more) PLLs are implemented 1n a
system to provide a respective two or more tunable, synthe-
s1zed frequencies within the same operating spectrum (e.g., a
synthesized frequency spectrum covering 500 MHz-10
GHz). The tunable source(s) may be implemented 1n other
forms, such as a variable oscillator, a digitally controlled
oscillator, and the like. Alternative to an all-tunable frequency
source design, one or more fixed frequency source may be
used, exemplary oscillators being in the form of L-C oscilla-
tors, crystal oscillators, dielectric resonator oscillators, and
the like. In a similar vein, the tunable source(s) may be of
another construction, such as a variable oscillator design,
digitally controlled oscillator, and the like. Those skilled 1n
the art will appreciate that the systems and methods of the
present invention are not limited to any particular design or
construction of the frequency source, tunable or fixed.

In the exemplary embodiment shown, the PLL 120
includes a phase-frequency detector 121 operable to compare
the phase and frequency ot a recerved reterence signal F to
a divided down version of the output frequency F,, , the
output of the phase-frequency detector being a signal (voltage
or charge) representative of the difference between Fj_-and
F ... In a particular embodiment of the invention, the phase-
frequency detector 121 includes a direction control circuit to
facilitate signal locking. An exemplary embodiment of the
direction control circuit 1s illustrated 1n FIG. 13. As an alter-
native to the phase-frequency detector 121, a less complex
phase detector may be employed as well.

In some embodiments, the PLL further includes a charge
pump 122 operable to provide frequency control responsive
to the output of the phase-frequency detector. Frequency con-
trol 1s provided by means of the charge pump either supplying
current to or drawing current from the loop filter, these con-
ditions providing a change in the voltage at the mput of a
voltage-controlled oscillator (VCO) 124, the change 1n volt-
age resulting 1n a decrease or increase 1n the VCO’s output
frequency F .. When, for example, the UP signal 1s 1n a high
state and the DN signal 1s 1n a low state, the oscillator 1s
controlled to increase its output frequency. When the UP
signal 1s 1n a low state and the DN signal 1s 1n a high state, the
input voltage of the oscillator 1s controlled to decrease its
output frequency. In an alternative embodiment, the charge
pump 122 1s omitted, and the UP/DN signals are generated
from the phase-frequency detector 110 1tself.
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The PLL further includes a loop filter 123 operable to
receive and filter the charge pump UP and DN signals,
thereby reducing noise and spurious product content of the
loop signal. The loop filter 123 may passive or active, a typical
embodiment of the latter employing an operational amplifier,
or similar functional device. In a specific embodiment of the
invention, the loop filter 123 is operable 1n several different
modes, mcluding a normal mode 1 which the oscillator 1s
tuning freely, a pre-charge mode in which the filter’s nitial
operating condition (e.g., voltage) 1s controllably set, a volt-
age read mode 1n which the tuning voltage of the oscillator 1s
read, and a low frequency overshoot mode, in which the
frequency overshoot of the phase locked loop 1s minimized.
An exemplary embodiment of the multi-mode loop filter 1s
presented below 1 FIG. 11. Alternative embodiments of the
invention may employ a conventional loop filter known in the
art

The loop filter output signal 1s supplied to an oscillator 124,
illustrated as a voltage controlled oscillator (VCO) 1n an
exemplary embodiment. In a particular embodiment of the
imnvention, oscillator 124 1s included within a VCO bank,
selection from which 1s defined by a particular oscillator
selection process, which 1s further described below. In alter-
nate embodiment of the invention, the oscillator 124 1s a
conventional VCO 1mplemented either singly, or within a
bank of VCOs as these features are known 1n the art. Other
oscillators, such as digitally controlled oscillators may be
employed alternatively in the present invention. Responsive
to the supplied loop filter signal, the oscillator 124 generates
a signal at frequency F .. An exemplary embodiment of the
oscillator 124 1s 1illustrated in FIG. 10 below. Of course,
various types of oscillators may be used. Those skilled in the
art will appreciate that the mvention 1s not limited to any
particular oscillator design.

A portion of the output signal FRef 1s fed back to a divide-
by-N counter 126, which 1s operable to divide down the
output frequency by a particular amount N or fraction thereof.
The divide-by-N counter 126 may be an integer or fractional
N counter, as well as implement a sigma-delta modulator 127
to provide a sigma-delta PLL design to provide a smaller
dividing ratio and greater tuning resolution. The divided
down signal FDiv 1s subsequently provided to the phase-
frequency detector which continues comparing the phase and
frequency of the divided down signal and reference signals
Fp,, and F -to generate an output signal. Furthermore, all or
any portion of the loop’s signal path may be of a single-ended
or differential design.

I. Exemplary Tuning and System Processes

FI1G. 2 1llustrates an exemplary method for tuning one of
the frequency sources to a target frequency in a multiple
frequency source system 1n accordance with the mvention.
The method 200 1ncludes a calibration and start-up process
210 operable to establish ranges for each of the oscillators
employed within each of the frequency sources. In a particu-
lar embodiment of the invention, each frequency source 1s a
tunable PLL frequency source, each PLL having multiple
VCOs as 1ts oscillators. In an alternative embodiment, the
system may include a tunable source of a different construc-
tion, or having perhaps only one oscillator. In still a further
embodiment, the system may 1include one or more fixed fre-
quency sources, each having a single oscillator. An exemplary
embodiment of the calibration and start-up process 210 1s

1llustrated 1n FIG. 3A below.

Subsequent to calibration and start-up processes, a request
to operate a signal at a particular target frequency is recerved
at 220. At 230, a determination 1s made as to whether any
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other signals are being concurrently generated by the other
frequency sources 1n the system. If no other signals are being
produced, the process continues at 240 where an appropriate
oscillator 1s selected and the signal generated at the requested
target frequency. FIG. 4 further illustrates an exemplary
embodiment of this process.

If one or more frequency sources are presently operating,
the process continues at 250, where a determination 1s made
as to whether the requested target frequency 1s below the
lowest generated frequency. It so, the process continues at
260 1n which an appropriate oscillator 1s selected and the
signal generated at the target frequency. An exemplary
embodiment of this process 1s further described 1n FIG. 5A
below.

If the target frequency 1s not below the lowest generated
frequencies, the process continues at 270 where a determina-
tion 1s made as to whether the target frequency 1s above the
highest generated frequency. IT so, the process continues at
280 whereby an appropriate oscillator 1s selected and a signal
generated at the requested target frequency. An exemplary
embodiment of this process is further illustrated 1n FIG. 6 A
below.

If the target frequency 1s not above the highest generated
frequencies, the requested target frequency 1s located
between two generated frequencies. The process continues at
290 where an appropriate oscillator 1s selected and a signal
generated at the requested target frequency, an exemplary
process of which 1s described 1n FIG. 7A below.

FIG. 3A 1llustrates an exemplary embodiment of a start-up

and calibration process 1n accordance with the present inven-
tion. The exemplary embodiment shows each of the fre-
quency sources as phase locked loop circuits (PLL), each
PLL employing two or more voltage controlled oscillators
(VCOs) to collectively provide a total tuning range over
which the particular PLL generates its output frequency.
Those skilled 1n the art will appreciate that only one of the
frequency sources need be tunable, and that other tunable or
fixed frequency sources may be used in alternative embodi-
ments of the invention.
The process begins at 310 where one of the plurality of
PLLs are selected, and at 320, one of its corresponding VCOs
are activated. After selection, the VCO 1s tested at 330 to
determine 1ts lowest frequency operating point, a midband
frequency point, and 1ts highest frequency operating point.
The process continues at 340 1n which the next (1if any) VCO
1s selected, and the processes of 320-330 are repeated there-
for. When no further VCOs for the selected PLL remain,
another PLL 1s selected at 350 and its corresponding VCO(s)
are activated for determining their corresponding lowest,
midband and highest operating {frequency points. When no
turther PLLs remain, the start and calibration process con-
cludes. Similar operations may be performed for other tun-
able frequency sources, as well as fixed frequency sources.
For example 1n the latter, process 330 can be omitted, since
the oscillator of the fixed frequency source would typically
not include low, midband, and high frequency points. Further,
the process of 340 can be omitted for fixed or tunable fre-
quency sources employing a single oscillator. Other modifi-
cations will be apparent to the skilled person.

In a particular embodiment of the mmvention, the VCO’s
operating frequency 1s controlled digitally through the use of
coarse and fine tuning words supplied to the VCO. In one
exemplary embodiment, the coarse tuning word ranges from
a value of O to 31, zero representing the highest operating
VCO frequency, and thirty-one representing the lowest VCO
operating frequency. In such an embodiment, the aforemen-
tioned process of 330 of 1dentifying a VCO low frequency,
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midband and high frequency point is performed by supplying
control words of values 31, 15, and 0, respectively, and
recording the locked frequency at a predefined frequency, for
instance at 1.5 V representing the center of the VCO’s linear-
most tuning range. Those skilled 1n the art will appreciate that
the VCOs frequency may be set using analog voltages, or a
digital word of shorter or longer length may be used 1n alter-
native embodiments under the present invention.

FI1G. 3B 1llustrates an exemplary data structure operable to
store operating frequency points for a plurality of oscillators
within a PLL frequency source 1in accordance with the present
invention. The described embodiment illustrates a total of
three PLLs, each PLL having five VCOs. Of course, another
arrangement as to the number of PLLs and the number of
VCOs per PLL may be used 1n alternative embodiments
under the present invention. Further as mentioned above,
frequency sources other than PLLLs may be implemented 1n
alternative embodiments under the present invention.

In the exemplary embodiment, the vco_1Ireq data structure
360 includes three pages 362, 364, and 366, cach page cor-
responding to one PLL. Each data structure page lists a
divider ratio Npll corresponding to the lowest, midband, and
highest operating frequency points of each of the five VCOs,
these quantities labeled as Npllmin, Npllmax, and Npllmaid,
respectively. Each VCO 1s operable to provide tuning over a
particular frequency band, all collectively providing a total
tuning range for the particular PLL.

In addition, each page includes digital coarse tuning words
(“coarse words” or “CW” herein) CW_1Imin and CW_max
corresponding, respectively, to the lowest and highest oper-
ating frequency of the particular VCO. Coarse words
CW_Imin and CW_1Imax are digital control signals, which,
when supplied to the VCO, control the VCO to tune to the
lowest and highest frequency. Parameter Npllmid corre-
sponds to the resulting divider ratio when the particular VCO
1s supplied coarse word representing the midband point,
which 1s 15 in the illustrated embodiment.

In the data structure shown, the lowest VCO operating
frequency 1s 1dentified with a coarse word CW_1min of value
25 1nstead of 31, and the highest VCO operating frequency
CW_Imax 1s 1dentified with a value 5 instead of 0, thereby
providing some margin for overlap between adjacent VCOs.
The actual highest and lowest tuning point of each VCO can
be interpolated from the coarse words when the tuning range
per coarse word increment 1 known; for example 1f 1t 1s
known that CW_tmin of VCO 1 1s 25 and that coarse word
corresponds to a frequency of 4,000 MHz, and 1t 1s further
known that the VCO tunes over 400 MHz over 32 coarse word
increments, then i1t can be determined that each coarse word
increment will provide approximately 12.5 MHz of tuning
range. Accordingly, although VCO1 1s tuned to 4000 MHz at
CW 25, 1t 1s able to tune to 6x12.5 MHz, or 75 MHz lower in
frequency, thereby overlapping the high end of the tuning
range of VCO 2. In this manner, adjacent VCOs can be
designed to provide overlap 1n their tuning frequency range to
ensure gap-Iree tuning capability with process, temperature,
operating or other vanations.

FIG. 3C 1llustrates an exemplary data structure operable to
store presently generated frequency information in accor-
dance with the present invention. The already_generated data
structure 370 includes information as to the presently gener-
ated or locked frequency (if any) of the PLLs, the PLL pro-
viding the locked frequency, and the VCO within the PLL
employed to provide the locked frequency. In a particular
embodiment, PLL and VCO information pertaining to the
lowest generated frequency 1s listed first, and the highest
generated frequency last. In a further exemplary embodiment,
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when a PLL does not produce an output frequency, 1it’s gen-
erated frequency 1s displayed as a frequency outside of the
stored frequency of operation, for example 0 or 5000 MHz,
when no PLL 1s operable to produce a signal at this frequency.
Further particularly, the data structure 370 i1s updated and

re-ordered when a generated signal changes frequency, 1s
activated, or de-activated.

Target Frequency 1s First Locked Frequency

FIG. 4 illustrates an exemplary embodiment of the tuning
process 240 1n which the requested target frequency is the first
generated frequency (or “locked” frequency 1n the case of a
PLL-generated signal) 1n accordance with the present inven-
tion. When the multiple frequency source system presently
generates no other signals, the oscillator selection process
includes 1dentitying an oscillator, e.g. a VCO, having a mid-
band frequency point closest to the target frequency (410).
The 1dentified VCO 1s activated and permitted to tune and
lock to the requested target frequency at 420.

Target Frequency Located Below Lowest Locked Fre-
quency

FIG. 5A illustrates an exemplary embodiment of a tuning,
process 260 in which the requested target frequency 1s lower
than the lowest generated frequency in accordance with the
present invention. In a particular embodiment of the inven-
tion, VCO tuning to the target frequency occurs by approach-
ing the target frequency from the below the second (existing)
frequency, without crossing the existing frequency.

The process begins at 502 whereby one or more oscillators
(e.g., a VCO) having a minimum frequency lower than the
lowest generated/locked frequency are identified. At 504, one
of the i1dentified VCOs 1s selected for tuning to the target
frequency. The selection process may involve various factors,
including which of the selected VCOs, when tuned to the
target frequency, will be closest to, or within the linear-most
tuning range, and which selected VCO can be activated at a
frequency which 1s furthest from the locked frequency.

At 506, the selected VCO 1s set to begin tuning from a start
frequency 1n the low end of its tuning range. In a particular
embodiment, the selected VCO 1s supplied its corresponding
coarse word CW_1Imin, setting the tuning frequency to 1ts
minimum frequency point. In an alternative embodiment, the
VCO 1s configured to begin tuning from another point 1n the
low end of its frequency range. At 510, the selected VCO 1s
activated and permitted to tune and lock to the requested
target frequency.

FIG. 5B illustrates an exemplary embodiment of a process
510 1n which the selected oscillator 1s activated and tuned to
a target frequency lower than the lowest generated frequency
in accordance with the present invention. Initially at 511, the
selected VCO 1s set to 1ts lowest operating frequency point by
supplying the VCO with the CW_1imin coarse word. At 512,
the fine tune setting of the VCO 1s set to 1ts lowest frequency
setting, 1n a particular embodiment by switching 1n all of the
fine tuning capacitors. At 513, the PLL divider ratio N 1s set to
tune to the target frequency, and at 514 the tuning voltage

VTune of the VCO 1s measured.

At 515, a determination 1s made as to whether the tuning
voltage 1s measured higher than the VCO’s maximum volt-
age, V,. If 1t 1s, the VCO 1s not 1n the correct coarse tuning
range, as the present coarse tuning range 1s too low 1n ire-
quency. In this case, the processes of 516-519 are performed
by which the loop filter 1s precharged at to a predefined
voltage (the lowest tuning voltage V, 1n a particular embodi-
ment), a coarse word corresponding to the next higher fre-
quency range selected, the loop filter released from the pre-
charge voltage, and the VCO activated with the new coarse
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word and attempts to tune to lock. An exemplary circuit for
pre-charging the loop filter 1s described below 1n FIG. 11.

If the tuming voltage V . _ 1s lower than the VCO’s maxi-
mum voltage V,, the VCO 1s within a tunable coarse range,
and the process continues at 520-525 1n which a fine tuning
process 1s performed. In a particular embodiment 1llustrated,
a first determination 1s made at 520 as to whether the tuning
voltage V ,  _1s within a predefined range, for example 1.25V
to 1.75V, where 1.5V represents the VCO midband frequency
point. The predefined range may be any desired range, which,
for example represents the most linear range of the oscillator.

If at 520, the tuning voltage V. _ 1s not within the pre-
defined range, the VCO 1s out of the correct fine tuning range,
and 1s too low 1n frequency (as the fine tuning range was set to
the lowest tuning range 1n 512). In this instance, the processes
of 521-525 are performed, whereby the loop filter 1s pre-
charged to a predefined voltage (e.g., the lowest tuning volt-
age V), a fine tuning word corresponding to the next higher
frequency range selected (which 1s operable to switch out one
or more of the fine tuning capacitors), the loop filter released
from the pre-charge voltage, and the VCO activated with the
new fine word and attempts to tune to lock. The tuning voltage
1s again measured to determine 11 1t 1s within the predefined
range, and 1 not, the processes o1 520-523 are repeated. Once
the tuning voltage reaches a value within the predefined
range, the tuning process concludes.

Computing Intermediate Frequency Points

FIG. 5C 1llustrates an exemplary embodiment of the pro-
cess 519 1n which the selected oscillator tunes to the desired
target frequency 1n accordance with the present invention. In
this embodiment, the start frequency olthe VCO 1s not known
in advance, but 1t 1s known that the VCO will start tuning from
a Irequency which 1s at or above the lowest VCO tuning
frequency.

Initially at 331, the lowest VCO (or other oscillator type)
frequency i1s 1identified. Next at 332, the tunming range between
the lowest tuning frequency and the target frequency 1s deter-
mined. In the illustrated embodiment, the lowest VCO f1re-
quency 1s the frequency corresponding to the coarse word
CW _fmin, which can be ascertained from the data structure

shown 1n FIG. 3B.

At 533, a determination 1s whether the tuning range mov-
ing from the lowest VCO frequency (or updated start fre-
quency, further explained below) to the target frequency 1s too
large. When the selected VCO tunes over too large of a fre-
quency range, 1t can create effects which interfere with the
operation of an existing frequency.

If at 333, a determination 1s made that the VCO tunming
range to the target frequency would be to wide, the process
continues at 534 where an intermediate frequency 1s defined
between the start frequency (either the VCO lowest tuning,
frequency or a previously defined intermediate frequency
point, as described below) and the target frequency. Next at
535, the previous start frequency used 1n 533 to determine
whether the tuning range was too large 1s updated as being the
intermediate frequency, and the process returns to 531, where
a further calculation 1s made to determine whether the tuning
range from the new starting frequency (1.e., the computed
intermediate frequency point) to the target frequency 1s too
wide. If the tuning range 1s again too large, the processes of
534 and 535 are repeated to 1dentily a second intermediate
tuning point between the first intermediate tuning point and
the target frequency. If, at 5333, the tuning range 1s determined
to be within acceptable limits, the process continues at 536
where the VCO 1s controlled to tune to the target frequency
via the intermediate points, 11 any.
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Frequency overshoot 1s one exemplary interference
mechanism which can occur when the oscillator tunes over a
long frequency range to a target frequency located relatively
close to an existing frequency. In such an istance, 1t can be
more advantageous to tune to itermediate frequency points
between the start frequency and the final target frequency in
order to reduce the amount of frequency overshoot. In such an
instance, the total tuning range 1s reduced to two smaller
ranges, a {irst extending between the lowest VCO frequency
and the mtermediate tuning point, and a second extending
between the intermediate tuning point and the target fre-
quency. Further iteratively, the frequency range between the
intermediate tuning point and the target frequency, or the
lowest VCO frequency and the intermediate point may prove
to be also too large, 1n which case a further intermediate point
may be defined therebetween.

In one embodiment, the determination process 1n 332 1s
based upon a computation of an intermediate tuning point F, .
and whether that intermediate tuning point F, = satisfies a
predefined condition. In a specific embodiment, the interme-
diate tuning point Flnt 1s calculated as follows:

Fp. = Fro... — (Foooor — Fro — Mar) eq- (1)
fnt — ¥ Target Overshoot avoid Target
where F,  1s the intermediate frequency (Hz) which 1s to be
determined;
F_. ..1s the existing or second frequency (Hz);

F reer 18 the Target VCO frequency (Hz) in the first 1tera-
tion, and the previously computed intermediate tuning point
F, 1n subsequent iterations;

Mar 1s a predefined margin (Hz); and

Overshoot 1s a predefined frequency overshoot quantity
(dimensionless).

In the 1llustrated embodiment of FIGS. 5SA and 5B, the
second frequency parameter F_ . 1s the lowest locked fre-
quency which 1s to be avoided, the parameter k4, ., 1s the
desired target frequency, the parameter Overshoot 1s a per-
centage of the last frequency step size to the target frequency,
and Mar 1s a predefined margin optionally allocated as a
safety margin used to account for process variation, environ-
mental factors and the like, an exemplary embodiment of
which 1s 0.2%-5% of the VCO tuning range.

Once the intermediate point F,, , 1s computed, a determina-
tion 1s made as to whether the intermediate point 1s higher in
frequency than the VCO’s lowest starting frequency:

eq. (2)

whereinF .., , _ 1sthelowest VCO start frequency. It the
condition is satisfied (i.e., the computed intermediate point is
higher than the lowest VCO starting frequency), VCO tuning
to the intermediate point 1s deemed necessary.

As an example, given the following conditions: Overshoot
1s 50%, the selected VCO tunes from a lowest frequency of 1
(GHz to a target frequency of 1.3 GHz, an existing frequency
F .. resides at 1.6 GHz, and a guard margin of 0.03 GHz 1s
used, eq. (1) yields the first intermediate point as being:

Froe >Yrco 10w

1 eq. (3)
Frgise = 1.3 - ﬁ(l.iﬁ —1.3-0.03) =0.76 GHz.

In this case, the first intermediate pomt I, , ., (0.76 GHz)
<F oo row(1.0GHZ), and therefore tuning to this point 1s not
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needed (and 1s not possible, since the lowest VCO starting,
frequency 1s 1.0 GHz). In this case, tuning the VCO over the
widest possible tuning range to the target frequency from 1.0
GHz to 1.3 GHz will not result in disturbing the existing
frequency located atF ___. ..

Alternatively, if the existing frequency F ., 1s closer to
the target frequency Vo, ., €.2., 1.35 GHz, the first interme-
diate point would be computed as:

| eq. (4)
Fragi1se = 1.3 - ﬁ(l'% - 1.3-0.03)=1.26 GHz

In this case, the condition F;,, ,, (1.26 GHZz)>F .5 ;0.
(10 GHz)1s true, and therefore the tuning range 1s needed to be
too large at 532.

In such an instance, the process continues at 534 where the
first intermediate point as computed 1n eq. (4) 1s defined as a
tuning point which the VCO will tune to prior to tuning to the
target frequency at 1.3 GHz.

At 535, the intermediate tuning point computed 1n eq (4)
becomes the target frequency F,,..,, and a second computa-
tion 1s made at 533 using eq. (1) to determine if a second
intermediate point lies above the lowest VCO frequency:

1 eq. (J5)
Frotong = 1.26 — ﬁ(l'% -1.26-0.03)=1.14 GHz

In this instance, the alorementioned condition also holds,
as V2,0 (1.14 GHZ)>F 5 7., (10 GHz),s0 tuning to the
second intermediate point 1s needed, and a third iteration 1s
performed, whereby the target frequency F becomes the
second intermediate point 1.14 GHz:

{larget

1 eq. (6)
Frpsg =1.14 = ﬁ(l'% —1.14 -0.03) = 0.78 GHz

In this instance, the aforementioned condition does not
hold, since I, , 5,,(0.78 GHz)<F ., ;,,, (1.0 GHz), so tun-
ing to the third intermediate point 1s not needed.

Once the intermediate tuming points are determined 1n this
second example, the VCO 1s controlled to tune (or pro-

grammed to later tune) from 1ts VCO start point (wherever
between 1.0 GHz and 1.14 GHz that may be) to 1.14 GHz,

then from 1.14 GHz to 1.26 GHz, and finally from 1.26 GHz
to the final target frequency o1 1.30 GHz (process 533). In this
way, the frequency offset 1s reduced to ensure that 1t does not

substantially impact the operation of the existing frequency at
1.35 GHz.

In a further alternative embodiment, the determination pro-
cess 1n 533 as to whether the VCO tuning range 1s too wide 1s

computed as:
"2

¥ F farged *Overshoot >IF .~ F 7., .,~Mar| eq. (7)

The left side of the mequality represents the bandwidth
between the target frequency and the computed intermediate
frequency point, and the right side of the equation represents
the bandwidth between the target frequency and the existing,
(avoid) frequency, offset by a predefined margin. Generally, 11
the left hand side 1s larger than the right, no intermediate point
1s deemed necessary. Alternatively, when the left and right
hand sides become approximately of the same magnitude or
when the right hand side becomes larger than the leit hand
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side, tuning to one or more of the computed intermediate
frequency points 1s deemed necessary.

The same process may be used to compute intermediate
frequency points for process 619, except that egs. (1) and (2)
are expressed as:

1 eq. (8)
(FTargfr - Favﬂid — Mﬂf’)

Fr, =Fr +
& T Overshoot

? eq. (9)
Fre < Fyvco High 1

Frco mien representing the VCO’s highest start trequency.
When the intermediate frequency point F, . 1s located below
the Fpoo zien, YCO tuning to the computed intermediate
frequency point 1s deemed necessary.

In a particular embodiment, the overshoot parameter
ranges from 5 to 80 percent, and 1n a specific embodiment 1s
20 percent. The present invention provides a loop filter archi-
tecture which reduces frequency overshoot during the tuning
process, and an exemplary embodiment of this structure 1s
presented 1n detail below.

While the frequency overshoot effect 1s modeled 1n terms
of apercentage of the tuning range covered, other models may
be used as well 1n the present invention. Furthermore, as an
alternative to the tuning processes described i 520-523 1n
which capacitors are systematically disconnected to obtain a
tuning voltage within a predefined range, VCO {ine tuning
may mvolve the processes of 531-536.

Target Frequency Located Above Highest Locked Fre-
quency

FIG. 6A 1illustrates an exemplary embodiment of a tuning,
process 280 1n which the requested target frequency 1s higher
than the highest generated frequency in accordance with the
present mnvention. In a particular embodiment, the process 1s
largely analogous to that described and shown 1n FIG. SA, a
difference being that the target frequency 1s approached from
the high side of the highest generated frequency without
crossing the highest generated frequency.

The process begins at 602 whereby one or more oscillators
(e.g., a VCO) having a maximum Irequency higher than the
highest generated frequency are 1dentified. At 604, one of the
identified VCOs 1s selected for tuning to the target frequency.
The selection process may mvolve various factors, including
which of the selected VCOs, when tuned to the target ire-
quency, will be closest to, or within the linear-most tuning
range, and which selected VCO can be activated at a ire-
quency which 1s furthest from the locked frequency.

At 606, the selected VCO 1s set to begin tuning from a start
frequency in the high end of 1ts tuming range. In a particular
embodiment, the selected VCO 1s supplied 1ts corresponding
coarse word CW_1Imax, setting the tuning frequency to its
maximum frequency point. In an alternative embodiment, the
VCO 1s configured to begin tuning from another point 1n the
high end of its frequency range. At 610, the selected VCO 1s
activated and permitted to tune and lock to the requested
target frequency.

FIG. 6B illustrates an exemplary embodiment of a process
610 1n which the selected oscillator 1s activated and tuned to
a target frequency higher than the highest generated fre-
quency in accordance with the present invention. The process
1s largely analogous to that described and shown 1n FIG. 5B,
a difference being that tuning 1s performed from the high side
of the highest generated/locked frequency.

Initially at 611, the selected VCO 1s set to 1ts highest
operating frequency point by supplying the VCO with the
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CW_Imax coarse word. At 612, the fine tune setting of the
VCO 1s set to 1ts highest frequency setting, in a particular
embodiment by disconnecting all of the fine tuning capaci-
tors. At 613, the PLL divider ratio N 1s set to tune to the target
frequency, and at 614 the tuning voltage V., _ of the VCO 1s
measured.

Titrie

At 615, a determination 1s made as to whether the tuning
voltage 1s measured lower than the VCO’s minimum voltage,
V. If 1t 1s, the VCO 1s not 1n the correct coarse tuning range,
as the present coarse tuning range 1s too high 1 frequency. In
this case, the processes of 616-619 are performed by which
the loop filter 1s pre-charged at to a predefined voltage (the
highest tuming voltage V, 1n a particular embodiment), a
coarse word corresponding to the next lower frequency range
selected, the loop filter released from the pre-charge voltage,
and the VCO activated with the new coarse word and attempts

to tune to lock. An exemplary circuit for pre-charging the loop
filter 1s described below 1n FIG. 11.

If the tuming voltage V., _ 1s higher than the VCO’s mini-
mum voltage V,, the VCO 1s within a tunable coarse range,
and the process continues at 620-625 1n which a fine tuning
process 1s performed. In a particular embodiment 1llustrated,
a first determination 1s made at 620 as to whether the tuning
voltageV . 1s within a predetined range, for example 1.25V
to 1.75V, where 1.5V represents the VCO midband frequency
point. The predefined range may be any desired range, which,
for example represents the most linear range of the oscillator.

It at 620, the tuning voltage V., _ 1s not within the pre-
defined range, the VCO 1s out of the correct fine tuning range,
and 1s too high in frequency (as the fine tuning range was set
to the highest tuning range i 612). In this instance, the
processes o 621-625 are performed, whereby the loop filter 1s
pre-charged to a predefined voltage (e.g., the highest tuning
voltage, V,), a fine tuning word corresponding to the next
lower frequency range selected (which 1s operable to connect
one or more of the fine tuning capacitors), the loop filter
released from the pre-charge voltage, and the VCO activated
with the new fine word and attempts to tune to lock. The
tuning voltage 1s again measured to determine if it 1s within
the predefined range, and 11 not, the processes ol 620-625 are
repeated. Once the tuning voltage reaches a value within the
predefined range, the tuning process concludes.

The tuning process 619 of identifying and tuning to inter-
mediate points 1s largely analogous to that described and
shown 1n FIG. 5C. In one embodiment of the present inven-
tion, the determination as to whether a tuning range 1s too
large 1s performed using the processes 531-536, and egs. (8)
and (9) outlined therefor.

For example, given the following condition: Overshoot 1s
50%, the VCO has a maximum start frequency V.5 .., 0f
1.60 GHz, the target frequency F 4, .., 1s 1.3 GHz, an existing

frequency F__ .  residesat 1.25 GHz, and a guard margin Mar
of 0.03 GHz, eq. (6) yields a first intermediate tuning point
I, at:
1 eq. (10)
Frogise = 1.3 + E(I.B— 1.25 -0.03) = 1.34 GHz

As the condition Fy,, (1.34 GHz)<F .y 4,5, (1.6 GHZ) of
eq. (14)1s met, the tuning range 1s deemed to large, and tuning
to the intermediate point 1s needed prior to tuning to the target
frequency.
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A second intermediate tuning point 1s computed 1n which
F s (Previously 1.3 GHz) becomes the previously-com-
puter intermediate tuning point, 1.34 GHz:

1 eq. (11)
Froma = 1.34 + ﬁ(1.34— 1.25-0.03) = 1.46 GHz

r

T'he 1teration provides an imntermediate tuning point at 1.46
(GHz, which below the highest tuning frequency of the VCO
(1.6 GHz). Accordingly the condition 1n eq. (14) 1s met, and
tuning to the second intermediate point 1s necessary. In the
same manner, a third intermediate tuning point 1s further
calculated:

1 eq. (12)
Firoag = 146 + ﬁ(1.46 —-1.25-0.03)=1.82 GHz

In this case, the third intermediate point 1s located above
the target frequency of 1.6 GHz, and accordingly tuning to 1t
1s not needed.

As above, the overshoot parameter may comprise a range
of values, an exemplary embodiment being from 5 to 80
percent, and 1n a specific embodiment 20 percent. Further,
other linear or non-linear computations may be used to model
frequency overshoot, as well as other effects. In addition, the
fine tuning processes described 1n 620-623 1n which capaci-
tors are systematically connected to obtain a tuning voltage
within a predefined range, may alternatively involve the tun-
ing processes of 331-335.

Target Frequency Located Between
quencies

FIG. 7 illustrates an exemplary embodiment of a tuning
process 290 1n which the requested target frequency 1s located
between two existing frequencies F, , and F,  1n accor-
dance with the present invention. The process begins at 705,
whereby the frequencies F, , and ¥, located higher and
lower than the requested target frequency are 1dentified. In a
particular embodiment, this process 1s performed by access-
ing the already_generated data structure 370 illustrated 1n
FIG. 3C.

At 710, a determination 1s made as to whether the separa-
tion between F,, , and F, , 1s greater than a predefined
threshold. In a particular embodiment, the predefined thresh-
old represents the tuning range, plus a predefined margin over
which the selected VCO can tune whereby the accompanying
frequency overshoot effect would not aftect the existing F .,
and F,__ frequencies. In a particular embodiment, the pre-
defined margin includes interpolation error (or a factor
thereol) that 1s mtroduced in the tuming process when the
VCO attempts to tune to the target frequency using coarse
and/or fine tuning words, as that tuning process 1s further
defined below.

If at 710, a determination 1s made that the separation
betweenk,;, , and F; , 1s greater than the predetined thresh-
old, an oscillator 1s selected at 715. The selection process may
involve various factors, including which of the selected
V(COs, when tuned to the target frequency, will be closest to,
or within the linear-most tuning range. If the high and low
trequencies b, , and F, , are spaced apart less than the
predefined threshold, the process continues at 750, which 1s

further 1llustrated 1n FIG. 8A.

At 720, the median point between I, , and F,  1s deter-
mined at 720. In a particular embodiment, this process 1s
performed using the already_generated data structure 370

Existing Locked Fre-
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shown 1n FIG. 3C. At 725, a determination 1s made as to
whether the median frequency point 1s above or below the
midband frequency point of the selected VCO. If the median
frequency point 1s located higher, a start frequency for the
selected VCO 1s computed as an interpolated value between
the high and midband frequencies (730). Alternatively, 11 the
median frequency 1s located lower than the midband fre-
quency of the selected VCO, the start frequency for the
selected VCO 1s set as an interpolated value between the
midband and low frequency points (733). In this manner, the
start frequency 1s located closer to the median frequency
point, and thus 1nitial activation of the VCO 1s less likely to

disturb either of the existing high or low frequencies Fy;, ., and
F

Low®

The start frequency 1s computed as described above, and
the corresponding coarse word supplied to the selected VCO.
The divider ratio 1s set to tune to the target frequency, and one
half of the fine tuning capacitors 1s switched in. The selected
VCO 1s then activated and begins tuming from the start fre-
quency toward the target frequency (740). The VCO 1s per-
mitted suificient time to achieve lock, and subsequently the
tuning voltageV ., _1smeasured, and a determination 1s made
at 745 as to whether V. _1s: (1) at or near the VCO’s lowest
tuning voltage V,, (11) at or near to the VCO’s highest tuning,
voltage V,, or (111) generally in the center of voltage range
betweenV, andV,.ITV . _1s measured as being at or near to
the lowest tuning voltage V,, the VCO may be operating in
too high of a frequency range. In such an 1nstance, the coarse
and fine tuning processes of 506 and 510 1llustrated 1n FIGS.
5A and 3B are executed to search for a better VCO tuning
range. If V. 1s measured as being at or near to the highest
tuning voltage V ,, the VCO may be 1n too low of a frequency
range. In such an instance, the coarse and fine tuning pro-
cesses of 606 and 610 illustrated 1n FIGS. 6A and 6B are
executed to search for a better VCO tuning range. The tuning
processes of both 260 and 280 may include the operations of
computing and tuning to intermediate frequency points in the
direction toward the target frequency. Alternatively, 11 the
VCO achieves lock to the target frequency, and V , . _ 1s mea-
sured between the V, and V,, VCO operation 1s determined to
be within acceptable limits and the tuning process concludes.
While V, and V, are described above 1n terms of the VCO’s
mimmum and maximum tuning voltages, e.g., 0.5V-3.5V,
they may equally correspond to a more narrow voltage range
which more tightly defines the VCO’s optimal region of
operation, e€.g., 1.25V-1.75V. In the latter embodiment, a tun-
ing voltage less than 1.25V would result 1n a tuning operation
as defined by 260 1n FIG. SA, and similarly for a tuning
voltage greater than 1.75V resulting 1in the tuning operation
defined by 280 1n FIG. 6A.

Target Frequency Located Between Closely Spaced Fre-
quencies

FIG. 8A 1llustrates an exemplary embodiment of a tuning,
selection process 750 1n which the requested target frequency
1s located between two closely spaced existing frequencies
Frernand F; o 1n accordance with the present invention. The
term “‘closely spaced” refers to the separation between the
ex1isting frequencies as being insuilicient to permit a oscilla-
tor, such as a VCO, from tuning over a large portion of its
tuning range between the two frequencies b, , and I,
without disturbing one or both the frequencies. In such an
instance, effects created by the VCO’s tuming operations
(e.g., frequency overshoot) are likely to impact the operation
ol one or both of the existing frequencies due to their prox-
imity 1n frequency to the oscillator. As noted in the exemplary
embodiment above, the spacing may be on the order of 175
MHz, although the frequency spacing may be narrower or
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wider than this 1n other embodiments, for example, frequency
spacings less than or equal to 10 MHz, 20 MHz, 50 MHz, 75
MHz, 100 MHz, 150 MHz, 200 MHz, 250 MHz, 500 MHz or
wider frequency spacings.

The exemplary process begins at 805, where one or more
V(COs having either (1) a maximum frequency higher than
F 1, OF (1) a minimum frequency lower than I,  are iden-
tified. This process may be performed by accessing the vco_1-
req data structure 360 shown in FIG. 3B. Subsequently at 810,
one of the identified VCOs 15 selected, the selected VCO
preferably having the furthest offset, either as measured from
its minimum frequency to F,_ . or from 1ts maximum fre-
quency to Fy, ;. In this manner, the VCO having the largest
frequency oftset from either F,;, , or F,  1s selected.

The process continues at 825, whereby a determination 1s
made as to whether a VCO having a frequency lower than
F, . 1sselected, or whether a VCO having a frequency higher
than F;,,, 1s selected. As noted above, the VCO which pro-
vides the greatest oflset from 1ts respective neighboring fre-
quency F; , ork, , 1s the VCO preferably chosen. If a VCO
neighboring F,  1s selected, the tuning procedure of 510
illustrated 1n FIG. 5B 1s performed to tune to an approach
frequency F, which 1s proximate to, but does not cross the
existing frequency F; . The computation and intermediate
tuning process 519 illustrated in FIG. 3C may be employed in
the coarse or fine tuning procedures included therein.

The approach frequency F, 1s located a predefined distance
away (below) from the existing frequency F, . the pre-
defined distance operable to place the approach frequency
close to the existing frequency so as to provide a relative small
frequency jump from this point to a close approximation of
the target frequency located between existing frequencies
F,,,. and Fg, .. However, the approach frequency F 1s pret-
erably not located too close to the existing frequency F,__ . as
a large number of intermediate frequencies would be needed
to tune to this point from the VCO start frequency. Accord-
ingly, a balancing of the two requirements will determine the
most appropriate oifset for the approach frequency F,, and in
an exemplary embodiment, an offset of between 1-10 percent
of the VCO tuning range 1s used. In the 1llustrated embodi-
ment 1n which the VCO tuning range 1s approximately 200
MHz, the approach frequency F, 1s defined at 2.5 MHZ. below
the existing frequency F,__ .

In a particular embodiment of this process when the
selected VCO has a minimum frequency lower than F, .
tuning at the approach frequency F 1s locked using a tuning
voltage near the low end of the V. _ range, e.g., 0.5 V. This
establishes a condition, such that when the VCO tunes higher
to the target frequency, the VCO will be in/near its linear most
region (e.g., 1.5V).

Alternatively, 1t a VCO neighboring F,, ,, 1s selected, the
tuning procedure of 610 1llustrated 1n FI1G. 6B 1s performed to
tune to an approach frequency F, which is proximate to, but
does not cross the existing frequency FHigh. In a particular
embodiment of this process, tuning at the approach frequency
F, 1s locked using a tuning voltage near the high end of the
V.. _range,e.g., 2.5V. This establishes a condition such that
when the VCO tunes lower to the target frequency, the VCO
will be mn/near 1ts linear most region (e.g., 1.5 V). The inter-
mediate tuning process 619 illustrated 1n FIG. 5C may be
employed 1n the coarse or fine tuning procedures included
therein.

Next at 835, a determination 1s made as to whether the
requested target frequency, located between the existing ire-
quencies, I, and F, ;. 1s within a predefined range of the
approach frequency F,. The predefined range within which
the approach and target frequencies lie 1s based upon several
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factors, 1including the linear bandwidth of the VCO tuning
range. In one embodiment, the predefined range 1s generally
between 1-10% of the VCO tuning range, and 1n a particular
exemplary embodiment 1s 10 MHz for a VCO having a tuning
range of approximately 200 MHz.

If the requested target frequency 1s within the predefined
range of the approach frequency F,, process 840 1s per-
formed, whereby, the VCO 1s closed loop locked from the
approach frequency F,, across the existing frequency (either
F; o, OF Fppop) to the target frequency. In a closed loop VCO
tuning operation, the VCO 1s programmed with appropnate
coarse and fine tuning words for tuning to a frequency accord-
ing to the PLL dynamics.

As noted above, the tuning process may involve tuning to
the approach frequency F,ata 'V __ voltage which 1s on the
low or high end of the V., _ range, thus resulting in the VCO
being tuned nearer or within its linear mostV ,,,__ range once
tuned to the target frequency.

Once the VCO has been tuned to what 1s believed the target
frequency, 1ts tuning voltage 1s measured. If the tuning volt-
age 15 not within an acceptable range (e.g., 1.25
V<V <«1.75V)when tuned to the target frequency, then the
VCO 1s programmed with a new coarse and/or fine tune word,
and activated to perform another closed locked loop tuning
operation. The process repeats until the atorementioned con-
ditions are met. In an alternative embodiment, the fine tuning
process 1s performed in an open loop operation 1n which the
VCO 1s permitted to freely tune between a starting and locked
frequency 1f the frequency excursion 1n such an operation 1s
not expected to be too great that resulting frequency over-
shoot would affect one or more neighboring frequencies.

If, at 835, the target frequency 1s located further than the
predefined range from the approach frequency F,, the process
continues at 8435 where a determination 1s made as to whether
a low or a high K ;. tuning procedure 1s to be made (processes
850 or 860). As known 1n the art, the parameter K ;- refers to
VCO gain or tuning sensitivity, and describes the frequency
shift per volt applied. VCOs employing high K ;-exhibit wider
tuning ranges and greater linearity per Hz over their ranges,
low K, VCOs exhibit lower sensitivity to V., _ noise.
Accordingly, PLL systems of either type may be used,
depending the application and design requirements, and the
present invention further presents a VCO tuning regime for
cach. While high and low K. values are relative, generally
high K ;-refers to an oscillator sensitivity on the order o1 25-70
MHz/V and above, while low K- VCOs are generally 1n the
range of 10-30 MHz/V.

FIG. 8B illustrates an exemplary embodiment of process
850 for tuning a low K. VCO to the requested target {re-
quency residing between two closely spaced existing fre-
quencies b, or F, , in accordance with the present imnven-
tion. Initially at 851, the frequency of the VCO, which has
been tuned at the approach frequency F, in process 8235 or 830
previously 1in FIG. 8B, 1s varied until the tuning voltage V.,
reaches a predefined value V ,,, the VCO being tune to fre-
quency F, at this point. The coarse and fine tuning words used
to tune to F, (CW1 and FW1) are then recorded.

In a particular embodiment, the value V -, 1s a tuning volt-
age which 1s at/near the center of the VCO’s linear most
tuning range. In the illustrated embodiment described herein,
this voltage 1s 1.5V, although those skilled in the art wall
appreciate than another voltage may be used as well. The
tuning voltage 1s varied so as to move to F1 without crossing,
the proximate existing frequency (eithert; ,  ork, ;). Ifitis
determined that adjusting the VCO’s tuning voltage towards
V -, results 1n moving the VCO tuned frequency closer to the
existing proximate frequency than F,, a new coarse and/or
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fine tuning word 1s selected and used to tune the VCO further
away from the approach trequency F, until the voltage V., 1s
measured at a frequency F, which 1s no closer to the existing
proximate frequency than the approach frequency F,,.

At 852, a second VCO coarse tuning word (CW2) 1s sup-
plied to the VCO which tunes the VCO frequency even further
away Irom the proximate existing frequency, and a frequency
1s found where the tuning voltage 1s substantially V ;. The
differences in tuning frequencies F, and F, and corresponding
coarse words CW1 and CW2 are used to generate a quantity
AF . which describes the frequency shift per coarse word
at the voltage V'11. For example, following the exemplary
embodiment 1n which the approach frequency F, 1s proximate
to and below the lowest existing frequency F, . a frequency
F, 1s tuned at substantially 1.5V further below F, in accor-
dance with process 8351. Subsequently, a new coarse word,
e.g., CW2=CW1-2 (two coarse words lower than the first
coarse word, CW1), 1s used to tune the VCO to a frequency
F,,andaratio AF __ . 1s derived from (F1-F2)/(CW1-CW2)
which describes the frequency shift per coarse tuning word.
As readily apparent, a different coarse word offset may be
used 1n alternative embodiments as well.

A similar operation 1s performed at 833 to obtain a ratio
AF ;.. to describe the VCO’s frequency shitt per fine tuning
word. In an exemplary embodiment of this process, the VCO
1s fine tuned from F, to a new frequency, F,, where the tuning
voltage reaches substantially V ,, and the corresponding fine
tuning word FW3 1s recorded. A ratio AF,  1s derived from
(F2-F3)/(FW2-FW3) which describes the frequency shift per
fine tuming word.

With knowledge of the frequency difference between F,
and the requested target frequency, the quantities AF . __and
AF ... can be applied to CW1 and FW1 to compute the cor-
responding coarse and fine word increments needed there-
from to tune the VCO substantially to the requested target
frequency. In a particular embodiment, the coarse word incre-
ment added to CW1 to tune from F1 to the target frequency 1s

computed as the truncated integer value of the quantity:

FTGI‘gE’I‘ - Fl c{. (13)

AFCGHFSE

Aoy =

] Integer, Truncated

Thus, for example, 1f the coarse word increment 1s 2.9, the
output value of eq. (13) would be 2.0.

Further, the fine word increment added to FW1 1s com-
puted as the rounded integer value of the quantity:

FTarger — P - (ACW * &FCDEFSE')
AF g,

eq. (14)

Arpw =
Integer, Rounded

Thus, for example, 1f the coarse word increment 1s 2.9, the
output value of eq. (14) would be 3.0. The numerator of the
quantity represents the residual coarse word.

In a particular embodiment, the computations are per-
formed as a part of process 854, in which the VCO 1s re-tuned
to F,, the new coarse and fine tuning words corresponding to

the target frequency computed as shown in egs. (13) and (14),
and the VCO closed looped tuned to substantially the target

frequency using the computed coarse and fine tuning coarse
words.

Subsequent to close loop tuning to substantially the target
frequency, the VCO tuning voltage 1s optionally measured to
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determine 11 1t lies within an acceptable range of V -, Variance
of the VCO’s operation from the linear approximation of the
above coarse and fine words may result 1n the actual VCO
frequency being offset from the desired target frequency. In
this case, one or more {ine tuning capacitors may be con-
nected or disconnected (to achieve a lower or higher tuning
frequency, respectively), and the tuning voltage and locked
frequency re-measured to determine 11 each lies within an
acceptable range. In a particular embodiment, the fine tuning
process 1s performed as an open loop process 1n which the
VCO 1s allowed to vary between frequencies to achieve look,
as the fine tunming operation occurs over a small frequency
range which may not produce a significant frequency over-
shoot eflect to disturb neighboring frequencies. However, 11
such a condition 1s found or would be expected, the fine
tuning procedure could be carried out as a closed loop lock
operation 1n the same manner as the coarse tuning.

FIG. 8C illustrates an exemplary embodiment of process
860 for tuning a high K, VCO to the requested target fre-
quency residing between two closely spaced existing ire-
quencies F;  orFg. , inaccordance with the present inven-
tion. The process begins at 861, whereby the selected VCO 1s
provided coarse and fine tuning words for performing a
closed loop lock to the target frequency. As noted above, the
closed loop lock tuning operation across the pre-existing
frequency provides the least disturbance to the existing fre-
quency. The process by which the coarse and fine tuning
words corresponding to the target frequency are selected may

be as described 1n processes 851-855 in FIG. 8C.

At 862, a determination 1s made as to whether the VCO
tuning voltage 1s within an acceptable range, 1.25V to 1.75V
in an exemplary embodiment. IT not, a new frequency F,
within the present VCO tuning band (1.e., same CW) 1s tuned
to (process 863). In an exemplary embodiment, F, 1s chosen at
predefined offset from either I, or F, ,, an exemplary
olffset being 1n the range from 500 KHz-5 MHz.

At 864, a CW and frequency (divider ratio Npll) for tuning
to the target frequency 1s supplied to the VCO, and the VCO
performs a closed loop jump from F, to the target frequency
using the new CW. In a particular embodiment of this process,
the coarse and fine tuning words are latched substantially
concurrently with the value of the dividing ratio Npll, 1n a
closed loop environment. At 865, the VCO tuning voltage 1s
measured to determined if 1t 1s within an acceptable ranges,
e.g., 1.25 V<V <1.75 V. If the condition 1s not met, the
process returns to 863, in which the VCO 1s close loop tuned
back to frequency F, using intermediate frequency tuning
process. The process repeats as shown until the conditions are
met, at which point the process concludes.

II. Exemplary System Components
System Microcontroller

FI1G. 9 illustrates a block diagram of an exemplary system
microcontroller operable to control the multiple frequency
source system in accordance with the present invention. The
microcontroller 900 includes a microprocessor core 902
operable to run one or more programs to execute the tuning
operations and processes described herein, a program
memory 904 (typically non-volatile or programmable ROM)
operable to store, for example, the data structures of 360 and
370 shown 1n FIGS. 3A and 3B and programs for performing
the tuning procedures as set forth herein, and a data memory
906 (typically RAM) operable to store, for example, the data
values of data structures 360 and 370.

The microcontroller 900 further includes a system clock
and power management unit 908 for controlling the system
clock and power consumption, an analog-to-digital converter
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umt 910 for providing digital conversion of supplied analog
signals, the ADC 910 further including an embedded digital-
to-analog converter (DAC) unit 912 used to pre-charge the
loop filter to a desired level, further described below, and an
input/output module 914 for recerving and transmitting data,
power, control, and other information and signals to the sys-
tem of the present mnvention via ann-bit I/O bus line 916. The
microcontroller itself includes an internal n-bit bus line which
interconnects the microprocessor core 902, program and data
memory units 904 and 906, the clock and power management
module 908, the ADC 910 and DAC 912, and the I/O unit 914.
In a specific embodiment of the mvention further described
below, the DAC 912 1s operable both as a part of the ADC unit
910, and as a separate DAC unit, the later functionality being
provided by a DAC bus line 912a coupled to the internal
microcontroller bus 918.

The microcontroller 900 may be fabricated integrally with
one or more of the frequency sources, or separately there-
from, for example as an application specific integrated circuit
(ASIC). Still further alternatively, one or more functions of
the microcontroller 900 may be integrated within or proxi-
mate to one or more irequency sources, the other functions
residing on a remotely-accessible circuit or integrated circuait.
Those skilled 1n the art will appreciate that the illustrated
microcontroller 1s only exemplary and can be modified in a
variety ol ways to provide the desired system functionality
and control. Alternatively, the microcontroller 900 may be
omitted 1n those designs in which the functionality and con-
trol of the multiple frequency source system 1s provide using
other means.

Voltage Controlled Oscillator

FIG. 10 1llustrates an exemplary embodiment of an oscil-
lator 124 1n accordance with the present invention. The oscil-
lator, 1llustrated as a VCO, includes oscillator transistors 1002
and 1004 arranged in a differential configuration, a tank cir-
cuit 1010, and a bank of fine tune capacitors 1030. In one
embodiment, each of these components are monolithically
fabricated 1n a bipolar-complementary metal oxide semicon-
ductor (B1-CMOS) process, although those of skill 1n the art
will appreciate that the circuit may be formed 1n other mate-
rials and processes (e.g., CMOS, S1Ge, GaAs), as well as 1n
monolithic, hybrid, or discrete form. Furthermore, the oscil-
lator 124 may be integrated with one of more of the phase-
frequency detector 121, the charge pump circuit 122, the loop
filter 123, the divide-by-N counter 126, and/or the sigma delta
modulator 127.

Oscillator transistors 1002 and 1004 provide negative
resistance to compensate for the losses of the tank circuit
1010, thereby allowing the VCO 114 to oscillate. In the 1llus-
trated embodiment, oscillator transistors 1002 and 1004 are
p-type metal oxide semiconductor (PMOS) transistors having
their respective source terminals coupled together and to the
power supply through supply resistor R1. Drain terminals are
coupled to respective ports of the tank circuit, the gate termi-
nals of opposing transistors coupled to the other’s drain ter-
minal. While oscillator transistors 1002 and 1004 are illus-
trated as PMOS transistors, other FFET transistor
embodiments such as NMOS, as well as bipolar transistor
architectures may be used 1n alternative embodiments under
the present invention.

VCO tank circuit 1010 includes varactor diodes D1 and
D2, capacitors C1 and C2, and inductor L1, operable to pro-
vide the desired resonant frequency over a range of frequen-
cies as assisted by the variable capacitor of the varactor diodes
D1 and D2. A tuning voltage V ., _ 1s supplied to the varactor
diodes D1 and D2 to set the capacitance of the tank circuat,
thereby setting the resonant frequency of the oscillator 124.
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While the illustrated embodiment illustrates a variable reac-
tance tank circuit commonly used 1n voltage controlled oscil-
lator circuits, the oscillator 124 1s not limited thereto, and a
tank circuit having a fixed resonant frequency may be used in
an alternative embodiment of the invention. Moreover, the
invention 1s not limited to any particular tank circuit configu-
ration, as any resonant circuit, active or passive, parallel or
series-coupled, can be used with the present mvention. In
embodiments 1n which n-type FETs (field effect transistors)
or BITs (bipolar junction transistors) are employed, V 5, and
ground potentials are reversed, e.g., inductor L1 1s coupled to
V 5 and resistor R1 coupled to ground.

An exemplary embodiment of the coarse tuning capacitor
bank 1020 includes capacitors C_ series coupled via a NMOS
switch FET. In a particular arrangement, the capacitor bank
1020 includes a binary progression as to the size of tuning
capacitors, the next row of capacitors employing capacitors of
size 2'xC_, and so forth. Coarse tuning capacitors of a differ-
ent s1ize may be alternatively used. Further, the capacitor bank
1020 may employ any number of rows to provide further
tuning capability. The gate terminal of FE'T switches SW ., _
receive a coarse tuning control word, and responsive thereto,
connect or disconnect the particular coarse tuning capacitor
row, thereby lowering or raising, respectively, the oscillator’s
operating frequency. Alternative embodiments of the exem-
plary switches SW -, _ , include PMOS FETs, BITs, diodes,
Or any passive or active component having equivalent func-
tionality.

An exemplary embodiment of the fine tuning capacitor
bank 1030 includes capacitors C series coupled viaa NMOS
switch FET. In a particular arrangement, the fine tuning
capacitor bank 1030 includes a linear progression as to the
size ol tuning capacitors. In an alternative embodiment,
capacitors of a different size may be alternatively used. Fur-
ther, the fine tuning capacitor bank 1030 may employ any
number of rows to provide further tuning capability. The gate
terminal of FET switches SW .., recerve a fine tuning control
word, and responsive thereto, connect or disconnect the par-
ticular fine tuning capacitor row, thereby lowering or raising,
respectively, the oscillator’s operating frequency. Alternative
embodiments of the exemplary switches SW.,_ , include
PMOS FETs, BITs, diodes, or any passive or active compo-
nent having equivalent functionality.

The 1llustrated oscillator 1s only exemplary of one type of
tunable oscillator which can be used 1n the present mnvention.
Those skilled 1n the art will appreciate that other types of
tunable oscillators may be alternatively employed. Further-
more as noted above, one or more fixed frequency sources
may be implemented 1n the multiple frequency source sys-
tem, each of the fixed frequency sources including a fixed
frequency oscillator, some examples of which include L-C
oscillators, crystal oscillators, dielectric resonator oscillators,

and the like.

Multi-Mode Loop Filter

FIG. 11 illustrates an exemplary embodiment of the loop
filter 123 which 1s operable in multiple modes 1n accordance
with the present invention. As 1llustrated, the loop filter 123
includes an operational amplifier 1110 having mverting and
non-inverting mputs 110a¢ and 11106 coupled to receive
complementary charge pump signals output from the phase-
frequency detector 110. The loop filter 123 further includes a
first op-amp capacitor 1112 coupled between the inverting
input 110a and the output 1110¢, and a second op-amp
capacitor 1114 coupled between the non-inverting input
111056 and signal ground. First and second op-amp capacitors
1112 and 1114 are substantially the same value C1 1n an
exemplary embodiment, although capacitors of different val-
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ues may be used 1n alternative embodiments. The loop filter
123 further includes low frequency overshoot mode circuitry
1130, pre-charge mode circuitry 1140, normal tuming mode
circuitry 1150, and VTune measurement circuitry 1160.
Optionally, output circuitry 1120 (shown as an exemplary
second order filter) 1s coupled to the operational amplifier
output 1120¢ for providing additional attenuation of spurious
products. As noted above with regards to the oscillator 124,
the loop filter 123 may be implemented 1n an integrated
circuit 1n combination with one or more of the phase-ire-
quency detector 121, the charge pump circuit 122, the oscil-
lator 124, the divide-by-N counter 126, and/or the sigma-
delta modulator 127. Alternatively, one or more of the loop
filter components may be implemented as discrete, off-chip
components.

Low Overshoot Tuning Mode

The low overshoot tuning mode (low overshoot) circuit
1130 1s used during oscillator tuning operations proximate to
existing frequencies, such as 1n operations 531 -535 in FIG.
5C. The loop bandwidth provided by this circuit 1s generally
narrower than that provide by the normal tuning mode circuit
(described below) 1n order to produce less frequency over-
shoot which could iterfere with existing frequency(ies)
lying nearby.

The low overshoot circuit 1130 includes a first circuit
11304 configured to couple between the inverting input 110a
and the first op-amp capacitor 1112, and a second circuit
113056 configured to couple between the non-inverting input
11105 and the second op-amp capacitor 1114. As used herein,
the terminology “configured to couple” includes the embodi-
ment 1n which the signal path 1s completed via fixed route, as
well as the embodiment in which the signal path 1s completed
by a switch or switching means. In the illustrated embodi-
ment, the first and second circuits 11304 and 11305 are
coupled via a fixed connection, although 1n other embodi-
ments the connection may be made by means of a switch.

In an exemplary embodiment each of the first and second
low overshoot mode circuits 1130a and 11305 include a par-
allel-coupled capacitor C, and resistor R . In other embodi-
ments, each of the circuits 1130a or 11305 may comprise
other circuit configurations, as well as employ active or pas-
s1ve circuit components. As an example, a series-coupled RC
combination coupled in parallel with a capacitor could be
alternatively used. As will be further explained below, the low
overshoot mode circuitry 1130 1s operable to provide a filter
characteristic which produces less frequency overshoot com-
pared to that produced when the loop filter operates 1n a
normal oscillator tuning configuration.

Pre-Charging Mode

The pre-charge circuit 1140 includes a first pre-charge
circuit 1140a configured to coupled between the inverting
and output terminals of the operational amplifier 1110, a
second pre-charge circuit 11406 configured to couple
between the non-inverting terminal of the operational ampli-
fier 1110 and signal ground, and a third pre-charge circuit
1140¢ configured to coupled to the operational amplifier’s
inverting and non-inverting inputs 1110a and 111056. Filter
pre-charging 1s performed to reduce charge distribution
within the loop filter, which, 11 left unattended, can cause
severe Irequency glitches and overshoot when switching
between low overshoot and normal tuning modes of opera-
tion.

In a particular circuit configuration, each of the first and
second pre-charging circuits 1140a and 11405 includes a
pre-charging resistor R ., and a switch operable to dis-
charge capacitor C, when the loop filter 1s operating 1n the
pre-charging mode. A reference voltage V ,, 1s supplied to the
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non-inverting input of the operational amplifier 1110 from a
reference source, which may be a part of the loop filter,
supplied from the DAC, or located elsewhere 1n the system. A
digital-to-analog converter 1s used to supply a predefined
current 1., to, or sink the predefined current 1,, from, the
inverting mput of the operational amplifier 1110. Accord-
ingly, the pre-charge voltage at the output of the operational
amplifier 1110 will be substantially:

V EVRIIIPI $R

prechg prechg

eq. (15)

the addition or subtraction operation depending upon whether
current 1s supplied to or sunk from the non-inverting op-amp
input terminal, assuming a high gain, high impedance opera-
tional amplifier. Thus, the precharge voltage V.. can be
controlled by fixing voltage V,, and controllably varying
current 1., , although controllably varying V,, and fixing I 5,
may be used 1n an alternative embodiment.

In the exemplary embodiment shown, pre-charge opera-
tions are performed by closing the P switches, and are dis-
continued by opening the P switches. In one embodiment,
e.g., processes 516 and 521 shown 1 FIG. 5B, the pre-charge
current I, 1s a current operable to set V. to the lowest
tuning voltage V,, V, corresponding to the lowest oscillator
tuning frequency applied in processes 516 and 521. In another
embodiment, e.g., processes 616 and 621 shown in FIG. 6B,
the pre-charge current IP1 1s a current operable tosetV ;. .
to the highest tuning voltage V,, corresponding to the highest
oscillator tuning frequency applied in processes 316 and 521.
In another embodiment of the imvention, the charge pump
circuit 122 1s operationally disconnected during pre-charge

operations.
Normal Tuning Mode

The normal tuning mode circuit 1150 1s used during the
oscillator’s normal tuning operations. The loop bandwidth
provided by this circuit 1s generally optimized to provide a
good balance between loop stability and lock time and noise
performance. This tuning mode 1s normally employed when
lock acquisition of the oscillator/VCO 1s not expected proxi-
mate to any existing frequencies. In such instances in which
acquisition of the VCO locked frequency 1s expected close to
an existing frequency, the low overshoot tuning mode 1is
implemented. Once tuning and lock to an adjacently-located
frequency 1s achieved, the loop filter returns to the normal
tuning mode at the frequency.

In the exemplary embodiment shown, normal tumng
operations are performed by closing the N switches and open-
ing the /N switches, and are discontinued by opening the N
switches and closing the /N switches. Switching between the
low overshoot and normal tuning mode provides a glitch,
which 1s reduced by complementary normal tuning mode
switches /N to discharge capacitor X*C, when the normal
mode 1s not employed. Glitches are further reduced when
switching into/out of the pre-charging mode, as pre-charge
switches are operable to discharge capacitor C, during pre-
charge operations. In an alternative embodiment, the respec-
tive N switches are replaced by fixed connections, and the low
overshoot mode circuit 1130 1s implemented via switchable
connections.

The normal tuning mode circuit 1150 includes a first circuit
1150a configured to couple between the nverting input
1110a and the first op-amp capacitor 1112, and a second
circuit 11505 configured to couple between the non-inverting
input 11106 and the second op-amp capacitor 1114. In the
exemplary embodiment shown, each of the first and second
circuits 1150a and 11506 include a parallel-coupled capacitor
and resistor having values X+*C, and R,/Y, these values rep-

10

15

20

25

30

35

40

45

50

55

60

65

24

resenting scaled values of the parallel-coupled capacitor
resistor pair of the first and second low overshoot circuits

1130a and 113056. Optionally, each of the first and second

normal tuning circuits 1150a and 11505 include a switch
coupled across the parallel capacitor X+C,, the switch oper-
ating complementary from the switch coupling in the normal
tuning circuits 1150a and 115056. This complementary-oper-
ating switch 1s operable to discharge the capacitor during
periods when the normal tuning circuits are disconnected
from the loop filter further reducing charge redistributing and
frequency overshoot effects when the normal mode 1is
switched on or off.

As can be seen from the 1llustrated capacitance and resis-
tance values, the impedance of the normal mode circuits
1150a and 115056 1s lower than that of the low overshoot
circuits. This relationship provides a filter function for the
normal tuning mode which provides a faster settling time,
while the low overshoot circuits alternatively provide less
frequency overshoot. In a particular embodiment of the
invention, X 1s greater than a factor of 5, 1.¢., the capacitor of
the first and second overshoot tuning circuits 1s at least five
times higher 1n reactance than the capacitance of each of the
first and second normal tuning circuits. Further particularly, Y
1s greater than a factor o1 3, 1.e., the resistor of each of the first
and second low overshoot tuning circuits 1s at least three times
higher than the resistor of each of the first and second normal
tuning circuits. In specific embodiments, X 1s a factor 10, and
Y 1s a factor 6. Of course, other factors for each X and Y may
be used 1n alternative embodiments under the invention.

VTune Read Mode

The tuning voltage measurement (V) circuit 1160 1s
coniigured to couple to the output of the operational amplifier.
In the exemplary embodiment shown, the tuning voltage 1s
measured by tapping the output of the operational amplifier,
closing switch V., and comparing that tapped voltage to a
voltage V., through the use of a comparator 1162. In a
particular embodiment of the invention, the reference voltage
V comp 18 supplied by a dual use digital-to-analog converter,
turther described in FI1G. 12 below. In an alternative embodi-
ment, the reterence voltage V., ., may be generated using a
voltage or current source. The compared voltage 1s supplied
to an analog to digital converter to obtain a relative measure-
ment of the tuning voltage 1n digital format.

In a particular embodiment of the mvention, all of the
switch groups P, N and V -are open and the loop filter operates
in a low overshoot tuning mode as described above. In another
embodiment, one of the switch groups P, N or V -1s closed to
perform the corresponding functions associated with that
switch group, and the rest of the switch groups are open. In
another embodiment, switches N 1n the normal tuning mode
circuitry are replaced by fixed connections, and the low over-
shoot mode circuitry 1s altered to be switchably coupled nto
the operational amplifier. In this embodiment, either a single
switch 1s used to couple to a common node of the parallel-
coupled capacitor resistor pair C, and R,, or individual
switches are used to connect to each of the resistor R, and
capacitor C..

While the exemplary loop filter 114 1s operable in each of
the four modes, alternative embodiments may be used in
which one or more of these modes and their corresponding
circuitry 1s omitted. For example, another embodiment of the
loop filter may employ the low overshoot and normal tuning
modes and circuitry. In still another embodiment, the loop
filter may employ the normal tuning and tuning measurement
modes and circuitry. It will be appreciated that further
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embodiments in which two or more of the four described
modes and circuitry are possible 1n alternative embodiments
under the present invention.

Analog-to Digital Converter with Dual-Use DAC

FI1G. 12 1llustrates an exemplary embodiment of an analog-
to-digital converter (ADC) 910 employing a dual use digital-
to-analog converter (DAC) 912 in accordance with the
present mvention, the ADC 910 and DAC 912 being previ-
ously shown 1n FIG. 9. The ADC 910 employs the dual use
DAC 912 to provide both the digital-to-analog functionality
for generating the desired pre-charge current IP1 as well as
serving as a DAC building block for the analog-to-digital
converter used 1n the tuning measurement process.

Turning first to the operation of the ADC 910 when used 1n
a tuning voltage measurement process, a tuning voltage V.
1s developed at the output of each PLL loop filter LF, .
Within each loop filter, a comparator 1164 1s operable to
compare the values of the tuning voltage V., to a voltage
V comp SUpplied by the ADC 910. The result of the compari-
son, V., 1s supplied to an n-pole, single throw switch 1212,
the input routing of which 1s controlled by switch controller
1214. The desired V. signal i1s coupled to the output of
switch 1212, and into an up/down counter 1218. The up/down
counter 1218 also receives a clock signal input, and outputs a
digital word n bits wide (e.g., 7 bits) which 1s supplied to a
latch 1220. A clock signal 1s supplied to the latch 1220 to
output the received digital word, that word representing the
voltage level of V. The n bit digital word 1s additional
supplied to the dual-use DAC 912. The dual-use DAC 912
converts the V , . digital word 1nto an analog voltage signal
V comp» Which 1s supplied to a single pole, 2N throw switch
1226. The output routing of the 1P[2N]T switch 1226 1s
controlled by switch controller 1214 to route the analog volt-
agesignal V., to the appropriate PLL Loop filter, where the
alorementioned process repeats. In such a manner, the tuning
voltage V . 1s measured accurately.

In its second operational mode, the dual-use DAC 912 1s
operable to convert a recerved precharge digital word 1228
into the precharge current IP1, described above. During a
pre-charging operation, a pre-charge digital word 1228 1s
supplied to the dual-use DAC 912. The pre-charge digital
word 1228 may be of any width which represents the desired
analog current value I,,. The DAC 912 receives and converts
the pre-charge digital word 1228 into a corresponding analog
current 1, which 1s, 1n turn, supplied to the 1P[2N]T switch
1226. The output routing of switch 1226 1s controlled by
switch controller 1214 to supply I,,, to the appropriate PLL
loop filter LF,_,, where it 1s applied to the precharge resistor
R, ecne and the first op-amp capacitor C; 1112.

Direction Control Circuit for Phase-Frequency Detector

FI1G. 13 A illustrates an exemplary embodiment of a direc-
tion control circuit 1320 for use with the phase-frequency
detector circuit 121 1 accordance with the present invention.
The circuit 1320 includes a 2x2 crosspoint switch SW1, first,
and second AND logic gates L1 and L2, and first, second and
third edge-triggered D-flip flops D1 and D2, and D3. The
phase-frequency detector 121, early described 1s shown to
illustrate signal routing and connectivity and may be sepa-
rately form or distally-located from the direction control cir-
cuit 1320. In a particular embodiment, however, the direction
control circuit 1320 and the phase-frequency detector circuit
121 are monolithically formed on an integrated circuit.

The crosspoint switch SW1 has first and second inputs
(denoted by 1 and 2) tor receiving F_-and Fp,,, signals as
generated by the PLL. Crosspoint switch SW1 further
receives a direction signal DIR specifying the desired oscil-
lator tuning direction, 1.e., either increasing or decreasing 1n
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frequency. The process of directionally tuning the oscillator 1s
used, for example, 1n processes 310 and 610 illustrated in
FIGS. 5B and 6B above. In a particular embodiment shown,
the direction signal DIR 1s selectable between (1) an “UP”
state, 1n which the crosspoint switch SW1 operates 1n a “thru”
state, whereby the I _-signal at input terminal 1 1s passed to
output terminal 1, and the F,,,  signal at input terminal 2 1s
passed to output terminal 2, or (11) a down or “DN” state in
which the crosspoint switch SW1 operations 1n a crosspoint
state, whereby the F,, .signal at input terminal 1 1s passed to
output terminal 2 and the F,,.  signal at input terminal 2 1s
passed to output terminal 1. The foregoing 1s only exemplary,
and certainly other embodiments of control signals and
switches may be employed 1n a functionally equivalent man-
ner 1n the present mnvention.

First D flip-flop D1 has a clock input to receive a START
signal for beginning the process, a D iput coupled to a fixed
high state signal, a clear input for receiving an end signal, and
a (Q output for providing a tristate signal to the PFD circuit
121. The tristate signal disables the PFD circuit 121 for a
particular duration in order to provide the correct transition on
which the PFD circuit 121 triggers. Exemplary embodiments
of this operation are presented below.

First and second logical AND gates L1 and 1.2 each have
one mput coupled to respective outputs of the crosspoint
switch SW1, and one 1mput coupled to receive signal tristate
CP1. First logical AND gate L1 provides a signal O1 to the
clock mput of the second D tlip-tlop D2, the second D flip-
flop D2 further including a D input coupled to a fixed high
state signal, a clear mnput coupled to recerve signal CLR from
the PFD circuit 110, and a Q output for providing signal Q1.
Second logical AND gate L2 provides a signal O2 to the clock
input of the third D thip-tflop D3, the third D flip-tflop D3
turther icluding a D input coupled to receive signal Q1, a
clear mput coupled to receirve signal CLR from the PFD
circuit 110, and a Q output for providing signal Q2 (END
signal) which operates to clear the state of the first D thp-flop
D1.

FIG. 13B 1llustrates the operation of the direction control
circuit signals to avoid a transient frequency decrease when
the VCO 1s instructed to tune higher 1n frequency in accor-
dance with the present invention. As shown, the reference
frequency signal FRel operates higher in frequency, but
delayed in phase compared to the divided frequency signal
F ... Accordingly, 1t 1s desired that the PFD circuit 121 oper-
ate to 1crease the VCO tuning frequency and avoid a tran-
sient down state which could cause the VCO to decrease the
tuning frequency.

The process 1s illustrated 1n terms of fifteen operations as
depicted 1in FIG. 13B. Initially at operation 1, the START
signal 1s supplied to the first D tlip-tlop D1, which further
produces signal tristate at a high state. As the D mput of D1 1s
fixed at a high state, signal tri-state remains in the high state
until the END signal 1s raised high to clear D1.

Signals FRef and FD1v are supplied to crosspoint switch
SW1, the direction of which 1s chosen UP. As shown, the UP
direction of switch SW1 correlates to a high state signal,
although a low state signal may be used alternatively. In the
illustrated UP state, crosspoint switch SW1 operates 1n a thru
mode, 1n which Fp_.1s passed thru from the first input to the
first output, and signal F ,,, passed thru from the second 1nput
to the second output.

At operation 2, the first logical AND gate L1 receives high
state signals Iz, . and tristate CP, and accordingly produces
high state signal O1. As the D imput of second tlip-tlop D2 1s
held high, upon receipt of the high state clock signal O1, D2
produces high state signal Q1 (operation 3). Detection of the
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rising edge ol F . activates (after some delay) the output of a
CLR signal output from the PFD circuit 121, which resets Q1
to a low state.

The rising edge of signal FRef and continued high state of
signal tristate produces a high state signal O1 (operation 5),
which 1n turns produces a high state signal Q1 (operation 6).
The rising edge of signal F,,  and continued high state of
signal tristate produces a high state signal O2 (operation 7),
which 1n combination with concurrently occurring high state
Q1, produces a high state signal Q2 (END signal) which
clears D1, and returns the tristate signal to a low state (opera-
tion 9). A low tristate signal results 1n low state O1 and O2
signals (operation 10). After some delay, detection of the
rising edge of F . at operation 7 results in the output ofa CLR
signal from the PFD circuit 110, thereby resulting 1n signals
Q1 and Q2 returning to their low states.

Referring now to the bottom traces labeled UP and DN
illustrating the output state of the PFD circuit 110, the tristate
signal disables the operation of the PFD circuit 121 during 1ts
high state, and accordingly avoids the DN transient condition
1352 whereby the rising edge of the F,,,  signal rises to a high
state. Instead, the intended direction of VCO tuning 1s
achieved at transition 1354 where, after the tristate signal
returns to a low state, the rising edge of Fy_-signal occurs,
resulting in the intended high state UP signal (operation 12).
VCO frequency 1s increased during a high UP state and low
DN state until some delay after the rising edge of F,.  1s
detected, at which point the PFD circuit generates a CLR
signal, producing a high state DN signal (operation 13). In a
particular embodiment of the invention, the PFD circuit 121
does not output a charge signal when the UP and DN signals
are 1n the same state. The CLR signal and the high state level
of the DN signal last substantially the same duration, after
which the UP and DN signals return to a low state. Upon the
rising edge ot I -at operation 14, the UP signal returns to a
high state, where i1t remains until the rising edge of F,,
triggers the generation of a CLR signal, which at operation
15, results 1n the UP signal returning to a low state.

FI1G. 13C 1llustrates the operation of the direction control
circuit signals in a normal mode to tune higher in frequency 1n
accordance with the present invention. As shown, the refer-
ence frequency signal F,_ -operates higher in frequency, but
delayed in phase compared to the divided frequency signal
F .. Accordingly, it 1s desired that the PFD circuit 121 oper-
ate to 1ncrease the VCO tuning frequency.

Initially at operation 1, the START si1gnal 1s supplied to the
first D tlip-tlop D1, which further produces signal tristate at a
high state. As the D input of D1 1s fixed at a high state, signal
tri-state remains in the high state until the END signal 1s
raised high to clear D1.

Signals Fr - and Fp, , are supplied to crosspoint switch
SW1, the direction of which 1s chosen UP. As shown, the UP
direction of switch SW1 correlates to a high state signal,
although a low state signal may be used alternatively. In the
illustrated UP state, crosspoint switch SW1 operates in a thru
mode, i which F_-1s passed thru from the first input to the
first output, and signal F . passed thru from the second 1input
to the second output.

At operation 2, the first logical AND gate L1 receives high
state signals I . and tristate CP, and accordingly produces
high state signal O1. As the D mput of second tlip-tlop D2 1s
held high, upon receipt of the high state clock signal O1, D2
produces high state signal Q1 (operation 3). The rising edge
of F ,,;-1n combination with the high tristate signal produces
a high state O2 signal (operation 4). A high state O2 signal
clocks D3, thereby producing a high state Q2 (operation 5),
which operates to clear D1 and return the tristate signal to a
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low level. A low tristate signal results in signals O1 and O2
returning to a low state (operation 7), and after a delay, the
rising edge of F ;. 1n operation 4 acts to generate a CLR si1gnal
which returns Q1 and Q2 to a low level (operation 8).

Once the tristate signal returns to a low state, the PFD
circuit 121 becomes operational, and at operation 9, the rising
edge of FRef operates to activate the UP signal to a high state,
thereby producing an output charge signal corresponding to
an mcrease 1 the VCO frequency. At operation 10, the rising
edge of the F ;. signal, after some delay, results 1n the output
of a CLR signal. The CLR signal results in a high state DN
signal which suspends increases 1n the VCO frequency (as

both the UP and DN signals are 1n a high state), and subse-
quently the UP and DN signals return to a low state.

At operation 11, the rising edge of Fz - triggers the UP
signal to a high state, which, 1n combination with the low state
of the DN signal, results in the PFD circuit 110 output a
charge signal to increase the VCO frequency. At operation 12,
the rising edge of F,,. generates a CLR signal, thereby acti-
vating the DN signal to a high state, suspending PFD charge
output signaling to increase the VCO frequency, and the UP
and DN signals return to their respective low states subse-
quently.

As readily appreciated by those skilled in the art, the
described processes may be implemented 1n hardware, soft-
ware, firmware or a combination of these implementations as
appropriate. In addition, some or all of the described pro-
cesses may be implemented as computer readable mnstruction
code resident on a computer readable medium (removable
disk, volatile or non-volatile memory, embedded processors,
etc.), the mstruction code operable to program a computer of
other such programmable device to carry out the intended
functions.

The terms “a” or “an” are used to refer to one, or more than
one feature described thereby. Furthermore, the term
“coupled” or “connected” refers to features which are 1n
communication with each other (electrically, mechanically,
thermally, as the case may be), either directly, or via one or
more 1mtervening structures or substances. The sequence of
operations and actions referred to 1n method flowcharts are
exemplary, and the operations and actions may be conducted
in a different sequence, as well as two or more of the opera-
tions and actions conducted concurrently. All publications,
patents, and other documents referred to herein are incorpo-
rated by reference 1n their entirety. To the extent of any incon-
sistent usage between any such incorporated document and
this document, usage in this document shall control.

The foregoing description has been presented for purposes
of 1llustration and description. It 1s not intended to be exhaus-
tive or to limit the imnvention to the precise form disclosed, and
obviously many modifications and variations are possible 1n
light of the disclosed teaching. The described embodiments
were chosen 1n order to best explain the principles of the
invention and its practical application to thereby enable oth-
ers skilled 1n the art to best utilize the 1nvention 1n various
embodiments and with various modifications as are suited to
the particular use contemplated. It 1s intended that the scope
of the mvention be defined by the claims appended hereto.

What 1s claimed 1s:

1. In a multiple frequency source system having a tunable
frequency source operable to tune to a predefined target fre-
quency, and a second frequency source operable to generate a
second signal at a frequency higher than the target frequency,
a method for tuning the tunable frequency source to the target
frequency during concurrent generation of the second signal
at the higher frequency, the method comprising:
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controlling the tunable frequency source to tune to at least

one frequency point lower than the target frequency; and

thereatter, controlling the tunable frequency source to tune
to the target frequency,

wherein the tunable frequency source comprises a plurality

of oscillators, each oscillator operable over a predefined

range comprising a portion of the collective tuning range
of the tunable frequency source, and

wherein controlling the tunable frequency source to tune to
at least one frequency point lower than the target fre-
quency comprises selecting, from the plurality of oscil-
lators, a tuning oscillator operable to tune (1) below the
target frequency and (1) to the target frequency.

2. In a multiple frequency source system having a tunable
frequency source operable to tune to a predefined target fre-
quency, and a second frequency source operable to generate a
second signal at a frequency higher than the target frequency,
a method for tuning the tunable frequency source to the target
frequency during concurrent generation of the second signal
at the higher frequency, the method comprising:

controlling the tunable frequency source to tune to at least

one frequency point lower than the target frequency; and

thereaiter, controlling the tunable frequency source to tune
to the target frequency,

wherein the tunable frequency source comprises a plurality

of oscillators, each oscillator operable over a predefined

range comprising a portion of the collective tuning range
of the tunable frequency source, and

wherein controlling the tunable frequency source to tune to
at least one frequency lower than the target frequency
further comprises:

(1) computing at least one intermediate point located
between the target frequency and a predefined lowest
tuning frequency of the tunable frequency source; and

(1) tuning the tunable frequency source to the at least
one mtermediate point.

3. In a multiple frequency source system having a tunable
frequency source operable to tune to a predefined target ire-
quency, and a second frequency source operable to generate a
second signal at a frequency higher than the target frequency,
a method for tuning the tunable frequency source to the target
frequency during concurrent generation of the second signal
at the higher frequency, the method comprising:

controlling the tunable frequency source to tune to at least

one frequency point lower than the target frequency; and

thereatter, controlling the tunable frequency source to tune
to the target frequency,

wherein controlling the tunable frequency source to tune to

at least one frequency lower than the target frequency

further comprises:

(1) computing at least one intermediate point located
between the target frequency and a predefined lowest
tuning frequency of the tunable frequency source; and

(1) tuning the tunable frequency source to the at least
one mtermediate point; and

wherein the at least one intermediate point 1s computed by

the equation:

1

Overshoot

Firy = FTargﬁ'r — (Famid — FTargﬁ'r)

where:

F_ . .1sthe frequency of the second signal which 1s higher
than the target frequency;

F 7.¢er 18 the target frequency; and
Overshoot 1s a predefined frequency overshoot quantity.
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4. The method of claim 3, further comprising computing a
subsequent intermediate point, wherein the previously-com-
puted mtermediate point F,, ., becomes the target frequency
F 7.0 10 the equation, and a subsequent intermediate point 1s
computed based thereon.

5. In a multiple frequency source system having a tunable
frequency source operable to tune to a predefined target ire-
quency, and a second frequency source to generate a second
signal at a frequency lower than the target frequency, a
method for tuning the tunable frequency source to the target
frequency during concurrent generation of the second signal
at the lower frequency, the method comprising:

controlling the tunable frequency source to tune to at least

one frequency point higher than the target frequency;
and thereafter,

controlling the tunable frequency source to tune to the
target frequency,

wherein the tunable frequency source comprises a plurality
of oscillators, each oscillator operable over a predefined
range comprising a portion of the collective tuning range
of the tunable frequency source, and

wherein controlling the tunable frequency source to tune to
at least one frequency point higher than the target fre-
quency comprises selecting, from the plurality of oscil-
lators, a tuning oscillator operable to tune (1) furthest
above the target frequency and (11) to the target fre-
quency.

6. In a multiple frequency source system having a tunable
frequency source operable to tune to a predefined target fre-
quency, and a second frequency source to generate a second
signal at a frequency lower than the target frequency, a
method for tuning the tunable frequency source to the target
frequency during concurrent generation of the second signal
at the lower frequency, the method comprising:

controlling the tunable frequency source to tune to at least

one frequency point higher than the target frequency;
and

thereafter controlling the tunable frequency source to tune
to the target frequency,

wherein the tunable frequency source comprises a plurality
of oscillators, each oscillator operable over a predefined
range comprising a portion of the collective tuning range
of the tunable frequency source, and

wherein controlling the tunable frequency source to tune to
at least one frequency higher than the target frequency
further comprises:

(1) computing at least one intermediate point located
between the target frequency and a predefined highest
tuning frequency of the tunable frequency source; and

(11) tuning the tunable frequency source to the at least
one intermediate point.

7. The method of claim 6, wherein the at least one inter-
mediate point 1s computed by the equation:

Frp = FTargEr + (F avoid — FTGFgEI)

Overshoot

where:

F . .1s the frequency of the second signal which 1s lower
than the target frequency;

F .,er Turther 1s the target frequency; and
Overshoot 1s a predefined frequency overshoot quantity.

8. The method of claim 7, further comprising computing a
subsequent intermediate point, wherein the previously-com-
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puted intermediate point F, . becomes the target frequency
F 0o 10 the equation, and a subsequent intermediate fre-
quency point 1s computed based thereon.

9. In a multiple frequency source system having a tunable
frequency source operable to tune to a predefined target fre-
quency, and at least two additional frequency sources, a {irst
of the additional frequency sources operable to generate a low
frequency signal at a frequency lower than the target fre-
quency, and a second of the additional frequency sources
operable to generate a high frequency signal at a frequency
higher than the target frequency, the tunable frequency source
including one or more oscillators for tuning to the target
frequency, a method for tuning the tunable frequency source
to the target frequency during concurrent generation of the
low and high frequency signals, the method comprising;:

determining a median point between the high and low
frequency signals;

selecting an oscillator of the tunable frequency source for
tuning to the target frequency, the selected oscillator
having a tuning range which includes the median point
and the target frequency, the selected oscillator having a
low frequency tuning point, a midband tuning point, and
a high frequency tuning point;

determining whether the median point between high and
low frequency signals 1s located higher or lower 1n fre-

quency than the midband tuning point of the selected
oscillator;

selecting as a start frequency for the selected oscillator, an
interpolated value of (1) the high frequency and midband
tuning points of the selected oscillator, if the midband
tuning point of the selected oscillator 1s higher than the
median point between the high and low frequency sig-
nals, or (11) the midband and low frequency tuning points
of the selected oscillator, if the midband tuning point of
the selected oscillator 1s lower than the median point
between the high and low frequency signals; and con-
trolling the selected oscillator to tune from the selected
start frequency to the target frequency.

10. In a multiple frequency source system having a tunable
frequency source operable to tune to a predefined target fre-
quency, and a plurality of additional frequency sources, a first
of the additional frequency sources operable to generate a low
frequency signal operating at a frequency lower than the
target frequency, and a second of the additional frequency
sources operable to generate a high frequency signal at a
frequency higher than the target frequency, the tunable fre-
quency source including one or more oscillators for tuning to
the target frequency, a method for tuning the tunable fre-
quency source to the target frequency during concurrent gen-
cration ol the high and low frequency signals, the method
comprising:

identifying one or more oscillators of the tunable 1fre-
quency source which have (1) a minimum tunable fre-
quency which 1s lower than the low frequency signal, or
(11) a maximum tunable frequency which 1s higher than
the high frequency signal;

selecting, from the one or more identified oscillators, an
oscillator having the greatest oflset, either as measured
from each of the oscillators’ lowest tunable frequency to
the low frequency signal, or from each of the oscillators’
highest tunable frequency to the high frequency signal;
and

controlling the selected oscillator to tune to the target fre-
quency.
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11. The method of claim 10, wherein controlling the
selected oscillator comprises:

identifying an approach frequency, the approach frequency
comprising a frequency which 1s either lower than the
low frequency signal, or higher than the high frequency
signal;

tuning the selected oscillator to the approach frequency;
and

tuning the selected oscillator to the target frequency after
tuning to the approach frequency.

12. The method of claim 11, wherein the approach ire-
quency 1s lower than the low frequency signal, the method
turther comprising:

(1) computing at least one intermediate point located
between the approach frequency and a predefined lowest
tuning frequency of the tunable frequency source; and

(1) prior to tuning to the approach frequency, tuning the
tunable frequency source to the at least one intermediate
point.

13. The method of claim 12, wherein the at least one

intermediate point 1s computed by the equation:

1

Overshoot

Fiy = FTGFgEI‘ — (Faw::id — FTargEI)

where:

F . ..1sthe frequency of the low frequency signal which 1s
higher than the approach frequency;

F .er 18 the approach frequency; and

Overshoot 1s a predefined frequency overshoot quantity.

14. The method of claim 13, further comprising computing
a subsequent intermediate point, wherein the previously-
computed intermediate point F, . becomes the approach fre-
quency F,, .., in the equation, and a subsequent intermediate
point 1s computed based thereon.

15. The method of claim 11, wherein the approach ire-
quency 1s higher than the high frequency signal, the method
turther comprising:

(1) computing at least one intermediate point located
between the approach frequency and a predefined high-
est tuming frequency of the tunable frequency source;
and

(1) prior to tuning to the approach frequency, tuning the
tunable frequency source to the at least one intermediate
point.

16. The method of claim 15, wherein the at least one

intermediate point 1s computed by the equation:

1

Overshoot

Fie = FTGFgE’I‘ + (Favﬂid — FTargEI)

where:
F . ..1sthefrequency of the higher frequency signal which
1s lower than the approached frequency;
F eer 18 the approach frequency; and
Overshoot 1s a predefined frequency overshoot quantity.
17. The method of claim 16, further comprising computing
a subsequent intermediate point, wherein the previously-
computed intermediate point F, . becomes the target ire-
quency F,,,.... 1n the equation, and a subsequent intermediate
frequency point 1s computed based thereon.
18. A multiple frequency source system, comprising:
a tunable frequency source operable to tune to a target
frequency within a frequency spectrum of the multiple
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frequency source system and to tune to the target fre-
quency during generation of a second signal; and

a second frequency source operable to generate the second

signal at a frequency which 1s lower than the target
frequency within the frequency spectrum of the multiple
frequency source system,

wherein the second frequency source 1s operable to gener-
ate a low Irequency signal lower than the target fre-
quency, the system further comprising:

means for controlling the tunable frequency source to tune
to at least one frequency point higher than the target
frequency; and

means for controlling the tunable frequency source to sub-
sequently. tune to the target frequency.

19. The multiple frequency source system of claim 18,
wherein the second frequency source 1s operable to generate
a high frequency signal higher than the target frequency, the
system further comprising: means for controlling the tunable
frequency source to tune to at least one frequency point lower
than the target frequency; and means for controlling the tun-
able frequency source to subsequently tune to the target fre-
quency.

20. The multiple frequency source system of claim 19,
wherein the means for controlling the tunable frequency
source to tune to at least one frequency point lower than the
target frequency comprises:

means for computing at least one intermediate point
located between the target frequency and a predefined
lowest tuning frequency of the tunable frequency

source; and

means for tuning the tunable frequency source to the at
least one intermediate point.

21. The multiple frequency source system of claim 20,
wherein the at least one intermediate point 1s computed by the

equation:

F.’nr — FTGI‘gE’I‘ - (Fawﬂid - FTargE'r)

Overshoot

where:

F_ . .1sthe frequency of the second signal which 1s higher
than the target frequency;

F 7.ce: 18 the target frequency; and

Overshoot 1s a predefined frequency overshoot quantity.

22. The multiple frequency source system of claim 21,
turther comprising means for computing a subsequent nter-
mediate point, wherein the previously-computed 1intermedi-
ate point F;, . becomes the target frequency .. 1n the equa-
tion, and a subsequent intermediate point 1s computed based
thereon.

23. The multiple frequency source system of claim 18,
wherein the means for controlling the tunable frequency
source to tune to at least one frequency higher than the target
frequency comprises:

means for computing at least one intermediate point
located between the target frequency and a predefined
highest tuning frequency of the tunable frequency
source; and

means for tuning the tunable frequency source to the at
least one intermediate point.
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24. The multiple frequency source system of claim 23,
wherein the at least one intermediate point 1s computed by the
equation:

Fryp = FTGFgE’I‘ + (F avoid — FTarger)

Overshoot

where:

F . .1s the frequency of the second signal which 1s lower
than the target frequency;

F 700 18 the target frequency; and

Overshoot 1s a predefined frequency overshoot quantity.

25. The multiple frequency source system of claim 24,
further comprising means for computing a subsequent inter-
mediate point, wherein the previously-computed intermedi-
ate point I, becomes the target frequency I, ., 1n the equa-
tion, and a subsequent intermediate frequency point 1s
computed based thereon.

26. The multiple frequency source system of claim 18,
wherein the second frequency source 1s a fixed frequency
source.

27. The multiple frequency source system of claim 18,
wherein the second frequency source 1s a tunable frequency
source.

28. The multiple frequency source system of claim 18,
wherein the tunable frequency source comprises a phase
locked loop circuit.

29. The multiple frequency source system of claim 28,
wherein the phase locked loop comprises a loop filter, the
loop filter comprising:

an operational amplifier having an 1nverting input, a non-
iverting mput, and an output; a first op-amp capacitor
coupled between the inverting input and the output of the
operational amplifier;

a second op-amp capacitor coupled between the non-in-
verting iput of the operational amplifier and signal
ground; and

at least two of the circuits selected from the group consist-
ing of;

(1) a low overshoot tuning circuit, comprising:

a first low overshoot tuning circuit configured to couple
between the inverting input and the first op-amp
capacitor; and

a second low overshoot tuning circuit configured to
couple between the non-inverting mput and signal
ground, wherein the first and second low overshoot
tuning circuits are operable to provide a low over-
shoot filter characteristic to the phase locked loop
filter;

(1) a pre-charge circuit, comprising;:

a first pre-charge circuit configured to couple across the
first op-amp capacitor and operable to precharge the
first op-amp capacitor;

a second pre-charge circuit configured to couple across
the second op-amp capacitor and operable to pre-
charge the second op-amp capacitor; and

a third precharge circuit configured. to couple to the
inverting and non-inverting inputs and operable to
apply a predefined charging voltage thereto;

(111) a normal tuning circuit, comprising;:

a first normal tuning circuit configured to couple
between the inverting input and the first op-amp
capacitor; and

a second normal tuning circuit configured to couple
between the non-inverting input and signal ground,
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wherein the first and second normal tuning circuits are
operable to provide anormal filter characteristic to the
phase locked loop filter; and

(1v) a tuning voltage measurement circuit configured to

couple to the output of the operational amplifier.

30. The multiple frequency source system of claim 29,
wherein one of the normal tuning, low overshoot, or pre-
charge circuits 1s fixedly coupled to the operational amplifier,
and wherein the remaining two of the normal tuning, low
overshoot, and pre-charge circuits are switchably coupled to
the operational amplifier.

31. The multiple frequency source system of claim 29,
wherein the first and second low overshoot tuning circuits
cach comprise a parallel-coupled resistor and capacitor.

32. The multiple frequency source system 29, wherein the
tuning voltage measurement circuit comprises a comparator
having a first input coupled to the output of the operational
amplifier, a second 1input coupled to a reference potential and
an output.

33. The multiple frequency source system of claim 29,
wherein the first and second pre-charge circuits each com-
prise a resistor,

34. The multiple frequency source system of claim 29,
wherein the first and second normal tuning circuits each com-
prise a parallel-coupled resistor and capacitor.

35. The multiple frequency source system of claim 34 ,
wherein the first and second low overshoot tuning circuits
cach comprise a parallel-coupled resistor and capacitor, and
wherein the input impedance of each of the first and second
low overshoot tuning circuits 1s greater than the input imped-
ance of each of the first and second normal tuning circuits.

36. The multiple frequency source system of claim 35,
wherein the resistors of each of the first and second low
overshoot tuning circuits 1s at least three times higher 1n
resistance than the resistor of each of the first and second
normal tuning circuits.

37. The multiple frequency source system of claim 35,
wherein the capacitors of each of the first and second low
overshoot tuming circuits 1s at least five times higher in reac-
tance than the capacitance of each of the first and second
normal tuning circuits.

38. A computer program product, resident on a computer
readable medium for operation with a multiple frequency
source system having a tunable frequency source operable to
tune to a predefined target frequency, and a second frequency
source operable to generate a second signal at a frequency
higher than the target frequency, the computer program prod-
uct operable to tune the tunable frequency source to the target
frequency during concurrent generation of the second signal
at the higher frequency, the computer program product com-
prising:

instruction code to control the tunable frequency source to

tune to at least one frequency point lower than the-target
frequency; and

instruction code to thereaiter control the tunable frequency

source to tune to the target frequency,

wherein the tunable frequency source comprises a plurality
of oscillators, each oscillator operable over a predefined
range comprising a portion of the collective tuning range
of the tunable frequency source, and

wherein the instruction code to control the tunable fre-
quency source to tune to at least one frequency point
lower than the target frequency comprises instruction
code to select, from the plurality of oscillators, a tuning
oscillator operable to-tune (1) furthest below the target
frequency and (11) to the target frequency.
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39. A computer program product, resident on a computer
readable medium for operation with a multiple frequency
source system having a tunable frequency source operable to
tune to a predefined target frequency, and a second frequency
source to generate a second signal at a frequency lower than
the target frequency, the computer program product operable
to tune the tunable frequency source to the target frequency
during concurrent generation of the second signal at the lower
frequency, the computer program product comprising;:

instruction code to control the tunable frequency source to

tune to at least one frequency point higher than the target
frequency; and

instruction code to thereatter control the tunable frequency

source to tune to the target frequency,
wherein the tunable frequency source comprises a plurality
of oscillators, each oscillator operable over a predefined
range comprising a portion of the collective tuning range
of the tunable frequency source, and

wherein the instruction code to control the tunable fre-
quency source to tune to at least one frequency point
higher than the target frequency comprises instruction
code to select, from the plurality of oscillators, a tuning
oscillator operable to tune (1) furthest above the target
frequency and (11) to the target frequency.

40. A computer program product, resident on a computer
readable medium for operation with a multiple frequency
source system having a tunable frequency source operable to
tune to a predefined target frequency, and at least two addi-
tional frequency sources, a first of the additional frequency
sources operable to generate a low Ifrequency signal at a
frequency lower than the target frequency, and a second of the
additional frequency sources operable to generate a high fre-
quency signal at a frequency higher than the target frequency,
the tunable frequency source mcluding one or more oscilla-
tors for tuning to the target frequency, the computer program
product operable to tune the tunable frequency source to the
target frequency during concurrent generation of the low and
high frequency signals, the computer program product com-
prising:

instruction code to determine a median point between the

high and low frequency signals;
instruction code to select an oscillator of the tunable fre-
quency source for tuning to the target frequency, the
selected oscillator having a tuning range which includes
the median point and the target frequency, the selected
oscillator having a low frequency tuning point, a mid-
band tuning point, and a high frequency tuning point;

instruction code to determine whether the median point
between high and low frequency signals is located
higher or lower 1n frequency than the midband tuming
point of the selected oscillator;

instruction code to select as a start frequency for the

selected oscillator, an interpolated value of(1) the high
frequency and midband tuning points of the selected
oscillator, 1f the midband tuning point of the selected
oscillator 1s higher than the median point between the
high and low frequency signals, or (1) the midband and
low frequency tuning points of the selected oscillator, 1f
the midband tuning point of the selected oscillator 1s
lower than the median point between the high and low
frequency signals; and instruction code to control the
selected oscillator to tune from the selected start fre-
quency to the target frequency.

41. A computer program product, resident on a computer
readable medium for operation with a multiple frequency
source system having a tunable frequency source operable to
tune to a predefined target frequency, and a plurality of addi-
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tional frequency sources, a first of the additional frequency tunable frequency which 1s lower than the low frequency
sources operable to generate a low frequency signal operating signal, or (11) a maximum tunable frequency which 1s
at a frequency lower than the target frequency, and a second of higher than the high frequency signal;

the additional frequency sources operable to generate a high instruction code to select, from the one or more 1dentified
frequency signal at a frequency higher than the target fre- 5 oscillators, an oscillator having the greatest oflset, either
quency, the tunable frequency source including one or more as measured from each of the oscillators” lowest tunable
oscillators for tuning to the target ifrequency, the computer frequency to the low frequency signal, or from each of
program product operable to tune the tunable frequency the oscillators’ highest tunable frequency to the high
source to the target frequency during concurrent generation of frequency signal; and

the high and low frequency signals, the computer program 10 1instruction code to control the selected oscillator to tune to the
product comprising: target frequency.

instruction code to 1dentity one or more oscillators of the
tunable frequency source which have (1) a minimum %k % k%
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